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Abstract 
 
Blumeria graminis f.sp. hordei is an obligate biotrophic fungus which causes the powdery 
mildew disease on barley. It is generally accepted that the specialized feeding structure called the 
haustorium secretes effector proteins that suppress and modulate the host defense responses. I 
used transmission electron microscopy to successfully obtain electron micrographs of the 
ultrastructure of the B. graminis f.sp. hordei infection, including the haustoria, in barley leaves. 
Effector proteins typically show signatures of positive diversifying selection as a result of the 
coevolutionary struggle between hosts and pathogens. In this thesis, the ratio of nonsynonymous 
to synonymous substitutions in Blumeria Effector Candidate (BEC) genes among 54 isolates was 
calculated to detect BECs under positive diversifying selection. Polymorphisms were found in the 
BEC genes but the small sample size tested was too small to detect statistically significant 
positive diversifying selection.  
In parallel to research carried out in this thesis, a panel of fifty Blumeria candidate 
effector (BEC) proteins was screened using host-induced gene silencing (HIGS). Of these fifty 
candidates, eight reduced the haustoria development and are considered as virulence effectors: 
BEC1005, BEC1011, BEC1016, BEC1018, BEC1019, BEC1038, BEC1040 and BEC1054. I 
measured relative abundance of RNA in nine BECs including the eight BECs confirmed to be 
virulence effectors by qRT-PCR at six time points of infection. The transcript profiling presented 
here reveals that some BECs are important during the early stages of the infection when the 
compatibility of the host-pathogen interaction is being established and other BECs play a role 
during the later stages of the infection that involve biotrophy maintenance. 
It has been proposed that the roles of BEC1011 and BEC1054 in infection are related to 
host RNA binding or another function that evolved from a ribonuclease ancestor. I used the 
differential scanning fluorimetry method to test whether BEC1054 binds RNA. The findings in 
this thesis reveal that there is binding between BEC1054 and RNA and RNA has a destabilizing 
effect on BEC1054. To further investigate their role in virulence, BEC1011 and BEC1054 
transgenic wheat lines were created at NIAB. I commenced the genotyping of these transgenic 
lines and preliminary pathogenicity tests with some homozygous BEC1011- and BEC1054-
wobble lines and homozygous null lines. The preliminary results presented here show that there 
is a visibly increased amount of sporulating conidia on homozygous BEC1011- and BEC1054-
wobble lines compared with homozygous null lines.  
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Chapter 1: Introduction  
1.1 Global food security challenge 
 
 Currently, our global challenge is food security. The United Nations estimate that by the 
year 2050 we will need 70% more food (UN, 2009a). The population is predicted to grow to 
more than nine billion by 2050, which are more than two billion additional people compared to 
today (UN, 2009b). Agricultural production will need to grow substantially with a limited amount 
of natural resources to meet those demands. 
Agriculture and the domestication of crops approximately 10,000 years ago have affected 
plant pathogen environments. Agricultural ecosystems are genetically uniform and this led to 
rapid coevolution of the pathogen with its host during domestication or to the emergence of new 
pathogen species through host jumps, host shifts or hybridization (Raffaele et al., 2010, 
Stukenbrock and Bataillon, 2012). 
1.2 Powdery mildews  
 
Powdery mildews (ascomycetes of the order Erysiphales) are diseases caused by a group 
of fungi affecting over 10,000 species of plants all over the world (Hückelhoven, 2005, Glawe, 
2008). Plant diseases pose a threat to global food supplies causing 10-30% losses in harvest each 
year (Strange and Scott, 2005). Biotrophic pathogens such as barley powdery mildew Blumeria 
graminis forma specialis (f.sp.) hordei spread very efficiently which makes them the most 
difficult to control by means of crop rotation (Sanchez-Martin et al., 2011).  
Using resistant cultivars is beneficial because it avoids the use of expensive chemicals that 
can threaten the environment (Marris et al., 2008, Stevens et al., 2004) but new pathogen races 
eventually overcome resistance (Sanchez-Martin et al., 2011).  More complex resistance 
mechanisms based on multiple resistance loci have been recently observed for broad-spectrum 
downy mildew resistance in Arabidopsis C24 (Lapin et al., 2012). The selection process for 
future resistant cultivars would be aided by combining host responses that act at different stages 
in the development of the fungus and create a polygenic base (Prats et al., 2007). Alternative 
forms of resistance, or loss-of-susceptibility forms, have the potential to provide durable sources 
of broad-spectrum disease resistance (Pavan et al., 2010). 
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1.3 Blumeria graminis f.sp. hordei 
 
The powdery mildew Blumeria has a high degree of host specificity and compatibility.  
Blumeria graminis disease causes widespread damage to the grasses (Gramineae) including hosts 
such as wheat and barley, two of the main food crops in Western agriculture (Muchembled et al., 
2005). There is a powdery mildew exclusively infecting each cereal host. This specificity is 
denoted taxonomically by subdividing the Blumeria graminis into formae speciales (f.sp.) 
according to the host. Barley (Hordeum vulgare) powdery mildew is Blumeria graminis f.sp. 
hordei (will be referred to as B. graminis in this thesis unless otherwise stated). B. graminis is an 
economically important pathogen and the best studied powdery mildew (Both and Spanu, 2004, 
Bindschedler et al., 2009).  
1.4 B. graminis genome  
 
 The genome of B. graminis strain DH14 was recently sequenced (Spanu et al., 2010). 
The B. graminis genome is greater than 120Mb. The genomes of Erysiphe pisi (pea pathogen) 
and Golovinomyces orontii (Arabidopsis pathogen) were also sequenced as together with B. 
graminis these three species represent three of the five major tribes of the order Erysiphales 
which diverged approximately 70 million years ago (Spanu et al., 2010). The genomes of these 
three species revealed that the genome size of mildews is more than four times larger than the 
median of other ascomycetes (Spanu et al., 2010). The number of annotated genes in the B. 
graminis genome was 5,854, a relatively low number for fungal genomes (Spanu et al., 2010).  
It was found that a considerable subset of metabolic and regulatory proteins, that affect 
multiple processes and pathways, are missing in the B. graminis and in other obligate biotrophic 
phytopathogens (Spanu et al., 2010). The genes encoding enzymes of primary metabolism that 
are missing include anaerobic fermentation, biosynthesis of glycerol from glycolytic 
intermediates and inorganic nitrogen (nitrate) assimilation (Spanu et al., 2010). These findings 
are consistent with an exclusively aerobic, parasitic lifestyle on the host plants, production of 
solutes from the breakdown of triacyl glycerol for the generation of the necessary osmotic 
pressure for plant cell wall penetration and assimilation of organic nitrogen from the host amino 
acids (Spanu et al., 2010).  
In addition, B. graminis only encodes two of the secondary metabolites generally 
produced by filamentous fungi, the lowest number known for any fungi (Spanu et al., 2010). This 
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reveals a possible explanation for biotrophy being associated with a convergent loss of secondary 
metabolites (Spanu et al., 2010). Another of the many interesting observations resulting from the 
genome sequencing of B. graminis was the massive proliferation of transposable elements, 
accounting for 64% of the genome size (Spanu et al., 2010). The genes required for repeat-
induced point mutations are absent in all three species genome sequences and together with the 
presence of extensive retrotransposition may contribute to a mix of gene inflation and gene losses 
and reshuffling (Spanu et al., 2010).  
This combination of genome characteristics may tell the evolutionary story of a tradeoff 
having been made by B. graminis between advantageous increased genetic variation independent 
of sexual recombination and irreversible deletion of genes dispensable for biotrophy (Spanu et 
al., 2010). The B. graminis genome sequence unlocks the possibility for deeper genomics, 
transcriptomics, and proteomics approaches to studying this pathogen, making it a model for 
research into host-pathogen interactions.  
The wheat powdery mildew B. graminis f.sp. tritici draft genome sequence was recently 
presented in the Wicker et al. (2013) study. Many gene families involved in primary and 
secondary metabolism were reduced or absent as in the B. graminis f.sp. hordei genome and 
other obligate biotrophs (Spanu et al., 2010, Raffaele and Kamoun, 2012, Duplessis et al., 2011a, 
Kemen et al., 2011). This draft genome sequence was compared to the B. graminis f.sp. hordei 
genome sequence using comparative genomic analyses (Wicker et al., 2013). It was revealed that 
almost 92% of the predicted B. graminis f.sp. tritici genes had homologs in B. graminis f.sp. 
hordei, indicating a very similar overall gene content in these two formae speciales and that there 
are a large number of genes that are specific to the Blumeria genus (Wicker et al., 2013).  
Of these Blumeria-specific genes, 437 encoded Candidate Secreted Effector Proteins 
(CSEPs), proteins identified as a result of the B. graminis f.sp. hordei genome sequencing 
(Wicker et al., 2013; Spanu et al., 2010).  Substitutions in synonymous sites of the 5,258 
bidirectionally most closely related B. graminis f.sp. tritici and B. graminis f.sp. hordei homologs 
were used to estimate that B. graminis f.sp. tritici and B. graminis f.sp. hordei diverged 6.3 (±1.1) 
million years ago (Wicker et al., 2013).  
The Wicker et al. (2013) study concluded that strong selection for clonal propagation 
and/or inbreeding were shown by the observation of distinct haplogroup patterns found in the B. 
graminis f.sp. tritici isolates (Wicker et al., 2013). Haplogroups are chromosomal segments that 
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Figure 1.1: Barley infected with Blumeria graminis f.sp. hordei.  The barley leaf can 
be seen to be covered in conspicuous white powdery pustules. Scale bar = 1 cm 
(image from lab collection). 
are more closely related by descent than others (Wicker et al., 2013). A similar mechanism was 
suggested by another recent study for B. graminis f.sp. hordei (Hacquard et al., 2013). 
 
 
 
 
1.5 Location, structure and life cycle 
1.5.1 Location and phases in life cycle 
 
Powdery mildews infect leaves, stems and sometimes fruits with conspicuous white 
pustules (Figure 1.1) (Jarvis WR, 2002). The epidermal cells of the host are penetrated by the 
powdery mildew yet the host is rarely killed (Panstruga and Schulze-Lefert, 2002, Hückelhoven, 
2005). All powdery mildews are obligate biotrophic pathogens, they have an absolute 
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requirement of a host to grow and reproduce (Schulze-Lefert and Vogel, 2000, Wright et al., 
2002a, O'Connell and Panstruga, 2006). As in all ascomycetes, powdery mildews have asexual 
and sexual phases in their life cycle. For a successful infection, tightly regulated processes within 
the pathogen are in place to overcome barriers posed by the host and environment (Lucas, 2004). 
B. graminis depends on these signals and processes especially during the different stages of the 
asexual phase which is polycyclic and when the fungus propagates vegetatively (Hall et al., 
1999). 
1.5.2 Structures in the sexual phase 
 
During the sexual phase recombination occurs in B. graminis allowing for the possibility 
of new genetic combinations resulting in novel virulence proteins. The sexual structure of B. 
graminis is called a chasmothecium (previously called cleistothecium). The chasmothecium is 
able to survive in sub-optimal conditions and produces asci which in turn release ascospores 
(Both and Spanu, 2004).  
1.5.3 Structures in the asexual phase 
 
The asexual (haploid) cycle begins with the deposition of the airborne conidia on the 
leaves (Figure 1.2). The conidia touch the leaf surface wax platelets via a number of distinct 
surface projections and an extracellular matrix (ECM) is released approximately 20 seconds to 1 
minute after initial contact (Kunoh et al., 1988, Nicholson et al., 1988, Carver et al., 1999).  
The ECM is suggested to have a role in host recognition and surface adherence (Both and 
Spanu, 2004, Meguro et al., 2001, Wright et al., 2002b). It is believed that the ECM releases 
hydrolytic enzymes which may be involved in digesting the cuticle to give cutin monomers for 
the purpose of host recognition and release of stimuli which may be necessary for the 
development of the primary germ tube and appressorium (Wright et al., 2002b, Pascholati et al., 
1992, Suzuki S et al., 1998). 
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Figure 1.2. The structures of Blumeria graminis f.sp. hordei in its asexual phase. Thirty minutes after the 
deposition of the conidium on the leaf surface a primary germ tube is formed. After 3-4 hours a secondary germ tube 
is formed which at around 8-12 hours matures to form a swollen structure called the appressorium. After 12-15 hours 
a penetration peg forms which allows the surface of the leaf to be penetrated. Once entry has been gained, the 
haustorium is fully developed at around 24 hours. After 48 hours epiphytic hyphae elongate which at around 4-5 
days become visible to the eye with conidiophore structures forming and releasing mature conidia. Image adapted 
from Both et al. (2005a). Light microscopy image next to 24 hours is taken from own collection.  
 
The process of host recognition begins when the conidia are deposited on the plant leaf. 
Barley and wheat (Triticum aestivum) wax components such as C26 and C28 n-alcohols and even 
numbered C22-C30 n-aldehydes are known to induce germination of powdery mildew conidia in 
vitro (Hansjakob et al., 2011). The conidia germinate and a primary germ tube is formed 30 
minutes after inoculation. The primary germ tube is thought to be unique to barley powdery 
mildew (Aist and Bushnell, 1991, Hall et al., 1999). The primary germ tube may be involved in 
host adherence, water uptake, and continue the process of host recognition that permit later 
developmental stages (Pryce-Jones et al., 1999).  
A cuticular peg emerges from the primary germ tube and breaches through the epidermal 
cuticle (Edwards, 2002). A secondary germ tube emerges after 3-4 hours and at around 8-12 
hours matures to form an elongated swollen hook-shaped structure called the appressorium 
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(Wright et al., 2000, Kinane et al., 2000). The ECM continues to be produced along the growing 
fungus (Wright et al., 2002a, Carver et al., 1995). The appressorial swelling creates the pressure 
necessary for penetration into the host from which a penetration peg then develops. The 
penetration peg attempts to penetrate the host cell cuticle and cell wall approximately 12-15 
hours after inoculation (Aist and Bushnell, 1991, Green et al., 2002). It has been shown that these 
developmental stages are dependent on factors including the hydrophobicity of the leaf (Francis 
et al., 1996, Nielsen et al., 2000). After 12-15 hours when the penetration peg has formed and 
penetrated the surface of the leaf the pathogen gains entry into the host cell (Talbot and Hamer, 
2000). At around 24 hours the haustorium is formed. 
 The haustorium is the only part of the fungus within the host cells and acts as both a 
feeding structure for photoassimilate and nutrient uptake and site of targeted delivery of small, 
secreted proteins for the manipulation of the host cell. It is a specialized feeding hypha and is 
surrounded by a membrane called the extrahaustorial membrane (Green et al., 2002). The 
extrahaustorial membrane is a fungal-induced plant plasma membrane separated from the 
haustorial wall by the extrahaustorial matrix. Together the extrahaustorial membrane and the 
extrahaustorial matrix form the inter-organismic interface for transfer of nutrients and signals 
(Mendgen and Hahn, 2002). The current dogma is that a set of proteins named effectors are 
delivered from the haustoria into the host cytoplasm to promote a compatible interaction 
(Panstruga and Dodds, 2009). The haustorium is fully developed after 24 hours. All of these 
stages in the asexual phase contribute to the key events in the establishment of a compatible host-
pathogen interaction. In compatible interactions, the haustorium produces finger-like protrusions, 
while secondary hyphae grow from the apex of the appressorium over the surface of the 
epidermal cell. 
These epiphytic mycelia increase colonial spread by further penetration of epidermal cells 
(Both and Spanu, 2004). After 4-5 days the fungal colony is clearly visible to the naked eye on 
the leaves. At this stage in the life cycle aerial structures are formed from the external hyphae. 
These structures called conidiophores eventually differentiate into individual conidia, breaking 
off and releasing into the air to begin the asexual cycle once again. 
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1.6 Plant immunity 
 
 The information gained on defence mechanisms against powdery mildew fungal attack 
has been gathered mainly from studies of barley and Arabidopsis (Zhang et al., 2012). A cell wall 
apposition called a papilla initially forms on the site of attempted penetration (Hückelhoven and 
Panstruga, 2011). A number of biological processes lead to papilla formation (Bohlenius et al., 
2010, Collins et al., 2003, Kwon et al., 2008, Nielsen et al., 2012). As a response to the pathogen, 
defence-related genes including pathogenesis-related genes are expressed in the epidermal tissue 
(Gjetting et al., 2007, Gregersen et al., 1997). The roles of these upregulated genes have been 
investigated (Christensen et al., 2004, Johrde and Schweizer, 2008). If the penetration resistance 
fails a haustorium develops, which in incompatible interactions may lead to the hypersensitive 
response (HR) and programmed cell death, causing the death of the biotrophic fungus (Zhang et 
al., 2012).  
1.6.1 Race non-specific resistance 
 
Race non-specific resistance, also known as non-host resistance, is the general polygenic 
resistance (Jorgensen, 1994, Clifford BC, 1985, Jorgensen, 1987). Race non-specific resistance is 
pleiotropic, meaning there are multiple phenotypic expressions resulting. These effects of partial 
resistance may be prevention of haustorium formation by blocking its penetration, reduction in 
the haustorium size and a limited growth of conidiophores. The attempted infection of non-
adapted barley powdery mildew B. graminis on non-host Arabidopsis triggers non-host resistance 
resulting in rapid production of cell wall appositions and anti-microbial metabolites at the site of 
pathogen entry with no HR (Jones and Dangl, 2006).  
The Arabidopsis penetration (pen) mutants are partially compromised in the non-host 
resistance response (Jones and Dangl, 2006). This pre-invasion non-host resistance is genetically 
distinct from a post-invasion mechanism that requires regulatory elements of PAMP-triggered 
immunity (PTI) and effector-triggered immunity (ETI) (Feys et al., 2005). The elimination of 
both PEN2 and PTI/ETI signalling turns Arabidopsis into a host for B. graminis, an evolutionary 
non-adapted pathogen (Lipka et al., 2005), suggesting that non-host resistance is a 
mechanistically layered resistance response (Jones and Dangl, 2006). 
 The PEN1 syntaxin is thought to be part of a ternary SNARE complex that targets the site 
of attempted fungal entry by secreting vesicle cargo, leading to papilla formation (Collins et al., 
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2003, Assaad et al., 2004, Bhat et al., 2005). Very effective race non-specific resistance is 
exemplified by the recessive mlo alleles at the Mlo (mildew locus O) locus in barley.  Specific 
seven-transmembrane Mlo family members negatively regulate PEN1-dependent secretion at 
sites of attempted pathogen invasion (Collins et al., 2003; Assaad et al., 2004). Therefore Mlo is a 
gene determining susceptibility.  
Recessive mlo mutations in either Arabidopsis or barley confer a unique resistance to B. 
graminis that has not yet been overcome in the field (Consonni et al., 2006).  The absence of the 
Mlo gene results in resistance by prevention of haustorial penetration in most epidermal cells 
except subsidiary cells near the stomata (Aist and Bushnell, 1991, Zeyen et al., 2002, Collins, 
2002). In both Arabidopsis and barley, the fungus might suppress PEN1-mediated disease 
resistance by Mlo activation, implying the evolution of a common host cell entry mechanism in 
powdery mildew fungi at or before the divergence of monocots and dicots (Jones and Dangl, 
2006). 
1.6.2 Two layers of inducible defense: PTI and ETI 
 
Proteins called effectors are delivered into host cells to dampen defenses and assume 
control (Ellis, 2006, Kamoun, 2007, Whisson et al., 2007, Bhattacharjee et al., 2006, Bhavsar et 
al., 2007). These effectors may be delivered to either the plasma membrane or inside the plant 
cell (De Wit et al., 2009a). Plants possess two layers of defence and to establish disease, plant 
pathogens must overcome these defence mechanisms (Rafiqi et al., 2010). These defence 
mechanisms of the host involve preformed barriers and inducible responses to infection. Plant 
membrane-bound receptors, called pattern recognition receptors (PRRs) and the majority of 
which are located in the extracellular matrix, recognize pathogen-associated molecular patterns 
(PAMPs) and induce a set of biochemical and transcriptional responses (Jones and Dangl, 2006, 
Rafiqi et al., 2010, Liu et al., 2010).  
This first layer of induced defence is called PAMP-triggered immunity (PTI) and was 
previously defined as basal defence (Jones and Dangl, 2006, Block et al., 2008). Pathogens, 
especially bacterial pathosystems, have evolved mechanisms to suppress these responses through 
the action of effectors delivered into the host cell which specifically inhibit components of PTI 
(Chisholm et al., 2006, Nicaise et al., 2009). A major structural component of fungal cell walls, 
chitin, is one of the best-known fungal PAMPs (Kaku et al., 2006, Miya et al., 2007). It is 
20 
 
believed that most pathogen avirulence (Avr) genes encode effectors that suppress PTI and 
induce effector-triggered immunity in plants with resistance proteins (De Wit et al., 2009a). 
A second layer of inducible defence is highly specific direct or indirect recognition of 
effector proteins by the plants containing the cognate resistance (R) proteins and it is named 
effector-triggered immunity (ETI) (Figure 1.3) (Laine, 2008)((Liu et al., 2010). Indirect 
recognition of an effector is also known as the guard model. The guard model implies that the 
virulence target of the effector (the guardee) is guarded by the resistance protein (the guard). The 
guard senses manipulation of the guardee, leading to ETI (De Wit et al., 2009a). ETI activates 
programmed cell death and is also known as the HR (Jones and Dangl, 2006). Hosts that do not 
have the disease R genes to encode proteins that detect a pathogenic attack and trigger ETI are 
susceptible to infection and the effectors are called virulent (Barrett et al., 2009).  
1.6.3 Race specific resistance 
 
Another name for ETI is race specific resistance and it is the gene-for-gene (GFG) 
interaction first deduced by Harold Flor from his work on flax and the flax rust fungus (Flor, 
1942).  The virulence effectors which are detected by the host are called Avr proteins and most of 
the disease R genes that protect against these pathogens and detect Avr proteins encode 
intracellular proteins with a nucleotide binding site-leucine-rich repeat (NBS-LRR) domain 
(Dangl and Jones, 2001).  
 There are approximately 125 R genes in the Arabidopsis Col-0 genome and over 400 in 
Oryzae sativa (Jones and Dangl, 2006, Glazebrook, 2005, Voinnet, 2005). NBS-LRR-encoding 
genes are generally clustered in the genome, a result of both segmental and tandem duplications 
(Meyers et al., 2003b, Monosi et al., 2004, Richly et al., 2002, Leister, 2004). There are two 
major subfamilies of plant NBS-LRR proteins, divided by the presence of Toll/interleukin-1 
receptor (TIR) or coiled-coil (CC) motifs in the amino-terminal domain (McHale et al., 2006). 
The TIR-NBS-LRR proteins are completely missing from cereal species, suggesting that the TIR-
NBS-LRR in early angiosperm ancestors were few and were lost in the cereal lineage (McHale et 
al., 2006). 
NBS-LRR proteins range from 860 to about 1,900 amino acids long which makes them 
some of the largest proteins known in plants (McHale et al., 2006). NBS-LRR proteins are 
probably folded in a signal competent state by cytosolic heat shock protein 90 and other receptor 
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co-chaperones (Schulze-Lefert, 2004, Holt et al., 2005). The LRRs seem to act as negative 
regulators that prevent any inappropriate NBS activation (Jones and Dangl, 2006). The LRR 
domain is a motif involved in protein-protein interactions and ligand binding (Jones and Jones, 
1997). Crystal structures of LRR proteins have revealed the characteristic series of β-sheets that 
form the horseshoe shape (Enkhbayar et al., 2004). 
NBS-LRR activation involves intra- and intermolecular conformational changes that 
resemble the induced proximity mechanism that activated programmed cell death of related 
animal Apaf-1 protein (Takken et al., 2006). NBS-LRR gene homologues in diverse Arabidopsis 
accessions accumulate evolutionary substitutions at different rates at different loci (Bakker et al., 
2006). Some NBS-LRRs have duplications and evolve relatively slowly and others evolve more 
rapidly, evolutionary mechanisms that may be determined by the stable host protein or rapidly 
evolving effector protein they are respectively monitoring (Kuang et al., 2004, Van der Hoorn et 
al., 2002).  
There are certain exceptions to the NB-LRR structure of R proteins, some R genes may 
encode a protein kinase or a flavin monooxygenase (Martin et al., 1993, Romer et al., 2007). 
Once a pathogen Avr protein is recognized by the disease R protein host responses are triggered 
to prevent or reduce the infection (Chisholm et al., 2006).  
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Figure 1.3. The receptor-elicitor model of gene-for-gene interactions. This model is based on diploid organisms. 
Since resistance is dominant the host can be homozygous resistant (RR), heterozygous resistant (Rr) or homozygous 
susceptible (rr). The pathogen can be homozygous avirulent (AA), heterozygous avirulent (Aa) or homozygous 
virulent (aa). The resistance allele of the plant encodes a receptor that might recognize an elicitor produced by the 
pathogen. If the elicitor is recognized by the resistance protein it is avirulent, if it not recognized it is virulent. If the 
host recognizes the elicitor it is resistant, lack of recognition makes the host susceptible. Recognition of the pathogen 
elicitor by the plant receptor initiates plant defense responses that lead to plant resistance and an incompatible 
interaction. Lack of recognition of the pathogen elicitor makes the host susceptible and leads to a compatible 
interaction in which disease develops. Image adapted from McDonald (2004).  
 
A repertoire of at least 85 dominant or semi-dominant barley powdery mildew disease 
resistance genes (Ml) have been identified cloned and characterized (Consonni et al., 2006, 
Swarbrick et al., 2006). These include Mlk genes and 28 highly homologous genes that map to 
the Mla (for mildew A) locus on barley chromosome 5 (Jensen et al., 1980, Jorgensen, 1994). 
Mla locus is well studied and encodes coiled-coil nucleotide-binding site leucine-rich repeat (CC-
NBS-LRR)-type R proteins with a predicted intracellular location that all recognize B. graminis 
effectors, including Mla1, Mla6, Mla7, Mla10, Mla12 and Mla13 genes (Halterman and Wise, 
2004, Halterman et al., 2001, Shen et al., 2003).  
Two B. graminis Avr genes, Avrk1 and Avr10 have been cloned and have been shown to 
induce defence responses in barley varieties containing the cognate Mlk1 and Mla10 proteins, 
respectively (Ridout et al., 2006). The predicted Avrk1 and Avr10 proteins both lack an N-
terminal signal peptide or a signature for uptake by the host cells (Ridout et al., 2006). It has been 
shown by fluorescence microscopy that most of the Mla10 protein is located in the cytoplasm of 
barley cells and approximately 5% in the nucleus (Bieri et al., 2004, Shen et al., 2007). In the 
barley cell nucleus, Mla10 has shown an Avr10-dependent physical association with two WRKY 
transcription factors (HvWRKY1 and HvWRKY2 transcription factors) suggesting that these 
transcription factors may be immediate downstream targets of the activated Mla10-Avr10 
interaction (Shen et al., 2007).  
1.6.4 PAMPs and DAMPs 
 
PAMPs are molecular signatures of microbial classes that can be recognized by the innate 
immune system of plants. Damage-associated molecular patterns (DAMPs) are endogenous 
elicitors released as a result of the infection and are similarly recognized and play a role in innate 
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immunity. The guard model is very similar to the concept of DAMPs, in which pathogen-induced 
damage of the host proteins is recognized as a molecular pattern that elicits an immune response 
(Lotze et al., 2007). Current studies indicate that PAMPs, DAMPs and effectors are all perceived 
as danger signals and induce a defence response. PAMPs and DAMPs are diverse and the way 
they are conceptualised has changed over time. 
 PAMP-based PTI is thought to be ancient and stable in evolutionary terms, and ETI is 
proposed to have evolved more recently as a result of the coevolutionary arms race between the 
pathogen effectors targeted against PTI and the host R proteins (Jones and Dangl, 2006).  There 
are many PAMP perception systems that occur in a single plant family or some genera within a 
family, which may represent recent innovations in a coevolutionary arms. The main difference 
between PTI and ETI is that PTI targets highly conserved patterns in most members of a 
microbial class, and these patterns may not have a direct role in pathogenesis (Boller and Felix, 
2009). PRRs such as the family of receptor-like kinases function in the self-incompatibility 
response during pollination of Brassicaceae, making them as important in self-recognition to 
avoid selfing as they are in nonself recognition in pathogen defense (Sanabria et al., 2008). 
 Jones and Dangl (2006) explained immunity in plants by making a distinction between the 
basal defence triggered by PAMPs and called it PTI, and the gene-for-gene interaction between 
effectors and R proteins, named ETI (Jones and Dangl, 2006). Recent evidence suggests that PTI 
and ETI have more overlap than the zigzag model of Jones and Dangl (2006) postulates. Genes 
encoding NBS-LRR proteins are found to be in genomes of both angiosperms and gymnosperms 
(Cannon et al., 2002, McDowell and Simon, 2008). Furthermore, the zigzag scheme doesn’t 
incorporate DAMPs, the perception of endogenous elicitors released as a consequence of 
pathogen attack.  
It is for this reason that Boller and Felix (2009) propose that a more effective way of 
conceptualising plant innate immunity, as is the case of innate immunity in vertebrates, is by a 
single overarching principle that is the perception of danger signals (Lotze et al., 2007, 
Matzinger, 2002, Rubartelli and Lotze, 2007). More specific signals at later stages of the plant-
pathogen interaction may modulate the plant response, but the initial phase of the immune 
response does not seem to discriminate between different types of dangers (Boller and Felix, 
2009). 
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 This concept of one form of innate immunity is validated by gene expression data that 
indicates an overlap in genes triggered as a defence response to PAMPs, effectors and 
endogenous elicitors (Navarro et al., 2004, Tao et al., 2003, Thilmony et al., 2006, Wise et al., 
2007). It has been observed that effectors elicit a more prolonged response than PAMPs or 
DAMPs (Tao et al., 2003; Wise et al., 2007). In addition, the immune response elicited by 
effectors can result in the hypersensitive response, whereas PAMPs or DAMPs typically do not 
cause cell death. There are exceptions to this, where some PAMPs cause a hypersensitive 
response (Ron and Avni, 2004, Takemoto et al., 2005) and some resistance genes do not (Lee et 
al., 2006).   
1.7 Protein secretion and uptake-Translocation mechanisms 
 
There is a difference in the location of different perception systems in plants. At the 
plasma membrane, PRRs are required to recognize extracellular danger signals and cytoplasmic 
R proteins can sense effector proteins. A multitude of microbial effectors are translocated into the 
host cell cytoplasm. Intracellular animal and plant pathogens, including the powdery mildew 
fungi, live their early stages inside host cells separated from the host cytoplasm by a membrane 
(O'Connell and Panstruga, 2006, Kankanala et al., 2007, Bhavsar et al., 2007). Pathogens transfer 
effector proteins to the surface or interior of host cells to promote infection and suppress 
immunity (Hogenhout et al., 2009).  
 Microbial organisms have evolved a number of delivery mechanisms to effectively 
translocate effector proteins into host cells (Kale, 2012). Bacteria have specialised type III, IV 
and VI secretion systems (Staskawicz et al., 2001, Mansfield, 2009, Tseng et al., 2009). Parasites 
such as Toxoplasma deliver effectors using a secretory organelle known as a rhoptry. The rhoptry 
directly injects effectors into host cells (Boothroyd and Dubremetz, 2008). Cleaved Pexel-motif-
containing effectors are delivered into red blood cells by Plasmodium via a translocon (de 
Koning-Ward et al., 2009).  
Eukaryotic pathogens are less studied than prokaryotic pathogens, and the fundamental 
question of how effectors are delivered across the plasma membrane to reach the host cytoplasm 
is still open (Khang et al., 2010).  Most eukaryotic proteins are secreted through the conventional 
endoplasmic reticulum (ER)-Golgi secretory pathway (Nickel and Rabouille, 2009). However, 
there are proteins which are cytoplasmic, nuclear and signal-peptide-containing that have been 
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shown to reach the cell surface by non-conventional transport pathways (Nickel and Rabouille, 
2009). A high priority is to gain an understanding of in planta secretion pathways that may 
diverge after initial entry into the ER. Unconventional types of secretion include non-vesicular, 
COPII (coat protein complex II machinery), Golgi-independent and ER- and Golgi-independent 
secretion systems (Nickel and Rabouille, 2009). 
Effector proteins from fungal and oomycete parasites seem to be secreted using the 
eukaryotic type II secretory pathway involving exocytosis of Golgi-derived secretory vesicles. 
Most of the fungal and oomycete effectors studied have a canonical N-terminal type II secretion 
signal (O'Connell and Panstruga, 2006, Catanzariti et al., 2007, Rehmany et al., 2005, Allen et 
al., 2004, Dodds et al., 2004). On the other hand, there is a large group of candidate effector 
genes in B. graminis f.sp. tritici that do not possess the conventional signal peptide (Wicker et al., 
2013). 
Oomycetes such as the cause of the Irish potato famine, the potato late blight pathogen 
(Phytophthora infestans), have effectors with an RXLR (Arginine-any amino acid-Leucine-
Arginine) motif located near the signal peptide which is required for translocation of effectors 
into the host cells (Dou et al., 2008, Birch et al., 2009). A large number of oomycete effectors 
have the conserved N-terminus RXLR-dEER motif but there is a controversy as to whether this 
motif is all the effector requires to be delivered into the host cell (Jiang et al., 2008, Wawra et al., 
2013).  
Microbe-independent translocation machinery includes the type II secreted toxin proteins 
of bacteria that are delivered into human cells by endocytosis by binding to glycosphingolipid 
receptors (Sandvig and van Deurs, 2005) and necrotrophic plant pathogen fungal toxins such as 
ToxA (Manning and Ciuffetti, 2005). 
 Other translocation motifs have been identified based on the analysis of putative secreted 
proteins predicted from fungal and oomycete genomes. These motifs include the KFLAK domain 
in several oomycete crinkling- and necrosis-inducing proteins, which was found to be able to 
replace the RXLR domain of Phytophthora infestans effector Avr3a and deliver the C-terminus 
of Avr3a into Nicotiana benthamiana cells infected by Phytophthora capsici (Schornack et al., 
2010). A new CHXC motif was found in putative effectors of Albugo laibachii that could also 
deliver the C-terminus of Avr3a into host cells (Kemen et al., 2011). A mutation of either 
KFLAK or CHXC results in a loss of translocation (Kemen et al., 2011). 
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 The B. graminis genome sequencing has resulted in the prediction of 248 secreted effector 
proteins that are highly upregulated during infection and 80% of these proteins contain the N-
terminal tripeptide motif Y/F/WxC (Godfrey et al., 2010, Spanu et al., 2010). This motif is 
conserved in powdery mildew suggesting a common functional role potentially in effector 
delivery (Rafiqi et al., 2012). Currently there is no experimental data testing this hypothesis. 
Several other additional motifs have been postulated that have not been investigated 
experimentally (Ridout et al., 2006, Yoshida et al., 2009, Lévesque et al., 2010). 
 Proteins can enter cells using a number of alternative pathways. These include clathrin-
mediated endocytosis, caveolae-mediated endocytosis, noncaveolar lipid raft-mediated 
endocytosis, dynamin-independent endocytosis and macropinocytosis (Doherty and McMahon, 
2009). Clathrin-mediated and lipid raft mediated endocytosis among other pathways have a 
requirement for binding of the protein to a membrane receptor (Doherty and McMahon, 2009). 
Other pathways such as dynamin-independent endocytosis and macropinocytosis can engulf 
liquid-phase molecules (Doherty and McMahon, 2009).  
Small vesicle-like structures were observed when both oomycete and fungal effector GFP 
fusion proteins entered soybean suspension cells or human airway epithelial cells (Kale et al., 
2010). Inhibition of filipin and nystatin were used to disrupt lipid rafts and the result was that 
Phytophthora sojae Avr1b and Melampsora lini AvrL567 could not enter soybean suspension 
cultures and human airway epithelial cells, inferring a mechanisms of entry mediated by lipid raft 
endocytosis (Kale et al., 2010). The effector MiSSP7 from Laccaria bicolor, a mutualistic 
ectomycorrhizal fungus of Populus trichocarpa (poplar) was blocked from being translocated 
when a number of general endocytosis inhibitors were added (Plett and Martin, 2011). 
 It has been proposed that a common host cell surface molecule binds to RXLR and 
RXLR-like effectors from oomycetes and fungi to mediate cell entry via receptor-mediated 
endocytosis (Kale, 2012). This idea has been proposed after findings that there are similarities 
among the entry mechanisms of RLXR and RXLR-like effectors. The plant phosphatidylinositol-
4-kinase contains 11 tandem RXLR-dEER motifs that bind phosphatidylinositol and 
phosphatidylinositol-4-phosphate. This finding was a major breakthrough towards identifying 
phosphatidylinositol-3-phosphate as the cell surface receptor that could be hijacked by oomycetes 
and fungi and used for cell entry (Lou et al., 2006, Kale et al., 2010, Sun et al., 2013). However, 
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there are still many questions to answer regarding this hypothesis regarding extracellular 
phosphoinositides (Kale, 2012).  
The rice blast fungus Magnaporthe oryzae sequentially invades rice (Oryza sativa) cells 
using specialized intracellular invasive hyphae (IH) that are enclosed in host-derived 
extrainvasive-hyphal membranes. Rice blast IH express numerous biotrophy-associated-secreted 
(BAS) proteins which accumulate first in the highly-localized pathogen-induced structure, the 
biotrophic interfacial complex (BIC) at the tips of the IH and then enter the cell (Khang et al., 
2010). These BAS proteins possess classical signal peptides facilitating their delivery into the 
endoplasmic reticulum (Valent and Khang, 2010, Mosquera et al., 2009, Saitoh et al., 2012). The 
hypothesis that the signal peptide sequences of fungal effectors may direct secretion to the site of 
translocation despite the lack of a known amino acid motif was supported by an experiment in 
which the signal peptides from known effectors were sufficient to direct localisation to the BIC 
and the signal peptide of cutinase was not (Khang et al., 2010).  
A recent study showed that M. oryzae has evolved distinct secretion systems to enable 
tissue invasion (Giraldo et al., 2013). This study revealed that the BIC is associated with a novel 
form of secretion involving exocyst components, a complex of eight proteins that has been 
implicated in tethering vesicles to the target membrane before fusion and also has been found to 
have a role in many sites in a cell as a spatiotemporal regulator of membrane trafficking in 
response to many diverse signals (Heider and Munson, 2012), followed by the directing of these 
fused secretory vesicles to the plasma membrane by the Sso1 t-SNARE (Giraldo et al., 2013). 
Effectors that are secreted from the IH into the extracellular compartment follow the conventional 
secretory pathway (Giraldo et al., 2013). 
Translocated fungal effectors have certain features that may be linked to their uptake. The 
Avr and Ecp effectors of Cladosporium fulvum (Stergiopoulos and de Wit, 2009) and the Six 
effectors of Fusarium oxysporum f.sp. lycopersici (Houterman et al., 2007) are often N- and 
sometimes C-terminally processed. Many fungal effectors have multiple cysteine residues that 
are possibly involved in disulphide bridge formation to make the protein more stable. 
Appropriate folding and disulphide bridge formation may be required outside the host before 
being taken up (Dodds et al., 2004, Kemen et al., 2005).  
The RXLR motif is related to the PEXEL (Plasmodium Export Element) host-targeting 
signal present in the human malaria parasite Plasmodium falciparum’s secreted effectors (Hiller 
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et al., 2004, Marti et al., 2004). Apparently the RXLR and PEXEL motif signals are 
interchangeable (Dou et al., 2008, Bhattacharjee et al., 2006, Grouffaud et al., 2008). 
Nevertheless, the use of minimal reporters showed that the PEXEL motif alone was not able to 
translocate proteins across the parasitophorous vacuole membrane into erythrocytes 
(Bhattacharjee et al., 2006).  
1.8 Biological activities of fungal effectors 
 
Resolving the uncertainty surrounding the role and function of effectors is hampered by 
the lack of a common functional signature in their amino acid sequences, the lack of methods for 
genetic manipulation of most obligate biotrophic fungal pathogens, the large numbers of diverse 
effectors and the potential for functional redundancy among them and their species-specific 
specialisation (Rafiqi et al., 2012). Whole genome sequencing of biotrophic fungal pathogens has 
identified a plethora of effector candidates and the challenge now is to assign their virulence 
functions (Schmidt and Panstruga, 2011).  
Bacterial effectors have been found to suppress plant basal defence through PAMPs 
suppression and enhancing sugar secretion from photosynthetic cells by modifying host 
metabolism (Chen et al., 2010, Shan et al., 2008). The effector Avr3a of the hemibiotrophic 
potato blight pathogen P. infestans interferes with plant cell defence by a mechanism where it 
suppresses the cell-death response induced by the elicitin INF, a PAMP, by stabilising the plant 
E3 ligase CMPG1 that is required for INF1-triggered cell death (Bos et al., 2010).  
A number of putative biotrophic fungal pathogen effectors have been identified, including 
some Avr proteins that are recognized by host R proteins (Khang et al., 2010, Kemen et al., 2005, 
Catanzariti et al., 2006, Djamei et al., 2011, Kleemann et al., 2012). The virulence function of the 
Ustilago maydis secreted effector Cmu1 was suggested by its amino acid sequence features that 
are similar to chorismate mutase proteins (Djamei et al., 2011). The enzymatic activity for this 
effector protein was confirmed experimentally (Djamei et al., 2011). This effector is delivered 
into host cells, is required for full virulence of the fungus in planta and functions at a critical 
biochemical branch to divert metabolic precursors of the shikimate pathway towards production 
of aromatic amino acids and away from production of salicylic acid, a key hormone is plant 
defence (Djamei et al., 2011).  
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The apoplastic effectors of the extracellular hemibiotrophic pathogen C. fulvum have 
important pathogenicity roles and it has been shown in M. oryzae that the secreted LysM protein 
1 (Slp1) performs an analogous role to ECP6 of C. fulvum by inducing chitin oligosaccharides 
released from the fungal cell wall and preventing their recognition (De Wit et al., 2009b, Mentlak 
et al., 2011). Slp1 competes with the rice chitin elicitor binding protein CEBiP to suppress chitin-
induced plant immune responses (Mentlak et al., 2011).  
Mutualistic fungi such as mycorrhizal fungi and Sebacinales form specialised branched 
structures inside plant root cells similar to haustoria or infection hyphae of pathogenic fungi since 
these branched structures exchange nutrients with their host, although in this case is a symbiotic 
relationship (Parniske, 2008, Pumplin and Harrison, 2009). Recently, it has been found that 
mutualistic fungi also secrete effectors into host cells to establish and maintain symbiosis (Rafiqi 
et al., 2012). A landmark study found the function of SP7 cytoplasmic effector in the arbuscular 
mycorrhiza Glomus intraradices (Kloppholz et al., 2011).  
A yeast two hybrid screening identified the plant transcription factor ERF19, implicated in 
regulation of host defences, to be an interactor of SP7 corroborating with the experimental data 
revealing that SP7 inhibits host defence during mycorrhization (Kloppholz et al., 2011). 
Similarly, the ectomycorrhizal Laccaria bicolor candidate effector protein MiSSP7was found to 
enter root cells and accumulate in the host nucleus when delivered by transgenic Laccaria or as 
purified protein and leads to changes in host gene transcription. RNAi knock-down of MiSSP7 
revealed this protein is required for root cell colonisation (Plett and Martin, 2011).  
The function of effector proteins depends on the site they target in host plant tissue. 
Fungal effector proteins can be grouped into extracellular effectors secreted into the apoplast or 
xylem of their hosts, or cytoplasmic effectors translocated into host plant cells. Effectors 
targeting the extracellular space interfere with apoplastic plant defence proteins (Kamoun, 2007). 
These effectors include inhibitors of plant hydrolases, such as glucanases, serine and cysteine 
proteases (Rose and Di Cera, 2002, Tian et al., 2004, Damasceno et al., 2008). A class of 
Phytophthora species effectors is cystatin protease inhibitors in the family EPIC1-4 (Song et al., 
2009, Tian et al., 2007). H. arabidopsidis ATR13 suppresses callose deposition triggered by 
Pseudomonas syringae indicating it is a protein that targets basal defences against a range of 
pathogens (Sohn et al., 2007).  
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Compared to R genes, a large number of cytoplasmic Avr proteins don’t share many 
sequence similarities to each other or to other proteins with known biochemical functions when 
searched in shared databases (Xia et al., 2004). In the last decade intensive work has been 
dedicated to understanding the molecular mechanisms of interaction between R proteins and Avr 
proteins. A list has been compiled in recent years with many Avr/virulence factors predicted to be 
proteases (Xia et al., 2004). The effector YopT from the animal pathogen Yersinia pestis, cause 
of the plague also known as Black Death, has a predicted secondary structure with conserved 
cysteine, histidine and aspartyl (C/H/D) residues resembling the catalytic triad of many cysteine 
proteases and it has in fact been demonstrated to be a cysteine protease (Shao et al., 2002).   
Sometimes effectors are found to target proteins already known to be involved in plant 
immunity (Alfano, 2009). The P. syringae type III effectors AvrRpt2, AvrRpm1 and AvrB target 
the Arabidopsis RIN4 protein (Axtell et al., 2003, Mackey et al., 2002). AvrB has also been 
shown to target the RAR1 protein found in R protein complexes (Shang et al., 2006). Similarly, 
P. syringae AvrPto and AvrPtoB target PAMP receptor kinases such as the tomato Pto kinase, 
and receptor-like kinases FLS2, BAK1 and CERK1 (Gimenez Ibanez et al., 2009, Gohre et al., 
2008, Shan et al., 2008, Tang et al., 1996, Xiang et al., 2008, Kim and Alfano, 2002). AvrPtoB 
has a ubiquitin ligase function which removes the FLS2 receptor from the Arabidopsis cell 
membrane during infection (Gohre et al., 2008). Both AvrPtoB and AvrPto also modify the 
transcriptional response to challenge hrp mutants (hrp genes are essential for pathogenicity) 
(Hauck et al., 2003, de Torres et al., 2006, de Torres-Zabala et al., 2007). Another response of the 
expression of AvrPtoB in planta is the accumulation of abscisic acid (de Torres-Zabala et al., 
2007).      
The identification of effectors has also revealed novel components of innate immunity. 
The function of P. syringae HopM1 and HopU1 effectors is to target AtMin7, a protein involved 
in vesicle trafficking, and AtGRP7, a glycine-rich RNA-binding (GR-RBP) protein (Nomura, 
2006, Fu et al., 2007). HopU1 and AvrPphF also have enzymatic function; they are ADP ribosyl 
transferases. Certain effectors including both AvrPto and AvrPtoB target the miRNA regulatory 
network (Navarro et al., 2008).  A Fido (derived from the fic and doc domains) domain is present 
in the type III effector VopS from Vibrio parahaemolyticus, which causes host cell cytotoxicity 
and covalently modifies Rho GTPases with adenosine monophosphate moieties (Kinch et al., 
2009). Xanthomonas XopG effectors have a zinc protease motif similar to the active site of 
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clostridial neurotoxins (Lalli et al., 2003, Turton et al., 2002). XopD effectors have motifs that 
bind plant ethylene response factor-associated amphiphilic repression (EAR) motifs in 
transcription factors to target defence- or senescence-related responses (Kim et al., 2008). XopJ 
has shown to have transacetylase activity and to acetylate serine and threonine residues of several 
mitogen-activated kinases (MAPKs), preventing MAP kinase phosphorylation and signal 
transduction during immunity responses (Mukherjee et al., 2006).  
Several type III effectors are small ubiquitin-like modifier (SUMO) proteases that target 
sumoylated proteins, including YopJ effector of Y. pestis (Orth et al., 2000). Avr-Pita effector of 
Magnaporthe grisea, cause of rice blast, interacts directly with its cognate R protein Pi-ta and 
encodes a protein with sequence similarity to fungal zinc metalloproteases (Orbach et al., 2000). 
Bacterial effectors have also been shown to increase transcription of glucose transporter genes 
called SWEET transporters to alter sugar efflux for the pathogen’s nutritional gain (Chen et al., 
2010). These SWEETs transporters may also be involved in infections by powdery mildews, as 
shown by results from the fungal powdery mildew Golovinomyces cichoracearum’s induction of 
a different set of Arabidopsis thaliana SWEET (AtSWEET) mRNAs (Chen et al., 2010).  
1.9 Signatures of diversifying selection in effectors 
 
Once pathogens overcome the basal defence system of plants and plants respond with the 
development of a recognition system using the R proteins and the GFG interaction, a continuous 
co-evolutionary arms race between hosts and their pathogens is triggered (De Wit et al., 2009a, 
Hogenhout et al., 2009, Kamoun, 2007, Mansfield, 2009). The selective pressures that result in 
the evolution of detection mechanisms in the host and in the evolution of avoidance of 
recognition by diversification of the effectors go some way towards explaining the large numbers 
of effectors observed in pathogens across the biological spectrum (Haas et al., 2009, Kämper et 
al., 2006, Takken and Rep, 2010).  
Co-evolution is the process of a trait of one species evolving in response to a trait of 
another species, which in turn evolved in response to the trait of the first species (Janzen, 1980). 
The fundamental element of co-evolution is reciprocity (McDonald, 2004). Population genetics 
becomes important in being able to investigate the microevolutionary frame of the arms race 
between plants R proteins and pathogens elicitor or effector proteins. 
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Population genetics focuses on the processes that lead to genetic change, or evolution, in 
populations over time and space (McDonald, 2004). The genetic processes that population 
genetics deals with are mutation, genetic drift, gene flow, mating systems and natural selection. 
Evolution is a two-step process where first mutation gives rise to genetic variation in populations 
and then selection or genetic drift act to change the frequency of the population’s alleles 
(McDonald, 2004). For example, an avirulent pathogen population undergoes an increase in the 
frequency of a virulence allele as a result of selection for virulent individuals that can escape 
recognition by the plant resistance allele. The pathogen population will have evolved to higher 
level of virulence. When a susceptible plant population experiences a higher frequency of 
resistance alleles as a consequence of selection for resistant individuals, the population of plants 
evolves to a higher level of disease resistance (McDonald, 2004). 
A specific environmental factor may result in natural selection. Genetic variation in 
populations of organisms can be in response to directional, disruptive or stabilizing selection 
(Figure 1.4) (McDonald, 2004). When a decrease in the genetic variation in populations of 
organisms occurs by selecting for or against a specific gene or gene combination, the process is 
called directional selection. On the other hand, an increase in the genetic variation in populations 
by selecting for or against several genes or gene combinations is called disruptive or 
balancing/stabilizing selection (McDonald, 2004).  
Selection in haploid organisms is different from selection in diploid organisms. The 
haploid model of selection can be applied to fungal pathogens such as ascomycetes and is based 
on one locus with two alleles. Bioinformatics-led analyses of the distribution of effector genes in 
pathogen genomes provide a picture of mutating effectors or development of novel effectors to 
avoid or suppress ETI (De Wit, 2007, Jones and Dangl, 2006). 
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Figure 1.4. Illustrations showing how four different kinds of selection affect allele frequencies. G0 is the initial 
allele frequency and G1 is the allele frequency following one generation of selection. Image adapted from Bruce 
McDonald (McDonald, 2004). 
 
Powerful methods have been developed for detecting genes subject to positive selection in 
a genome (Meyers et al., 2003a, Nielsen, 2005, Nielsen et al., 2005, Tenaillon and Tiffin, 2008). 
Genes that are subject to positive selection may potentially represent the classes of proteins with 
important functions in the host-pathogen struggle or in pathogen specialization on new hosts 
(Aguileta et al., 2009). Pathogen genes may be involved in evading host defences or generating 
novel infection mechanisms (Piertney and Oliver, 2005, Tiffin and Moeller, 2006). Measuring the 
number of nonsynonymous substitutions (dN) over the number of synonymous substitutions (dS) 
provides a direct way of quantifying selective pressures acting on codons (Aguileta et al., 2009).  
A dN/dS ratio (also called ω) that is significantly higher than 1 results in evidence that 
there is the action of positive selection (Aguileta et al., 2009). The first methods relied on 
counting methods based on pairwise sequence comparisons (Miyata and Yasunaga, 1980, Li et 
al., 1985, Nei and Gojobori, 1986).  
Counting methods take the average of dN and dS over all sites in the aligned sequences and 
takes into account the whole time period separating the sequences (Aguileta et al., 2009). The 
maximum likelihood methods developed by Goldman and Yang (1994) and Muse and Gaut 
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(1994) are codon models that went beyond pairwise comparisons of the ω and could be applied to 
multiple sequence alignments (Goldman and Yang, 1994, Muse and Gaut, 1994). These models 
take into account the complexity of the codon substitution process by estimating important 
parameters. They also do not require the inference of ancestral states and average over all the 
possible codon states at internal nodes.  
The rates of nucleotide substitution vary among species and strains and locally along 
chromosomes (Baer et al., 2007). More than 10,000 single-nucleotide polymorphisms (SNPs) 
were found in a comparison between two Fusarium graminearum strains (Cuomo et al., 2007). 
Regions near telomeres and discrete AT-rich chromosome regions had very high SNP density 
(Cuomo et al., 2007). Other studies did not reveal variations in SNP frequency across genomes 
but did find local biases in the ratio of synonymous to non-synonymous SNPs in the Irish potato 
famine pathogen Phytophthora infestans, the white rust pathogen and Mycosphaerella 
graminicola (Raffaele et al., 2010, Kemen et al., 2011, Stukenbrock et al., 2010, Stukenbrock et 
al., 2011). These results were interpreted as signatures of selection.  
Stukenbrock et al. (2010) reported a reduced synonymous substitution rate and increased 
non-synonymous substitution rate in M. graminicola conditionally dispensable chromosomes 
(Stukenbrock et al., 2010). The study conducted on the P. infestans pathogen also resulted in 
observations of a higher frequency of genes with elevated dN/dS ratios in the gene-sparse regions 
of the genome than in gene-dense regions showing that these regions of the P. infestans genome 
have evolved more rapidly than the rest of the genome (Raffaele et al. 2010). 
Positive selection has been found to mark the evolution of filamentous plant pathogen 
effector genes. In the RXLR effector gene class of oomycetes, there is a non-random intragenic 
distribution of positively selected sites. The C-terminal domains, responsible for the biochemical 
activity of the effector, show a higher frequency of positively selected sites compared with the 
amino-terminal domains that serve to secrete and translocate the effector protein (Win et al., 
2007). 
Jiang et al. (2008) analysed the full sequences of P. sojae and P. ramorum and showed 
that the majority of RXLR genes belong to a superfamily of Avirulence-homolog (Avh) proteins 
characterized by signatures of very high evolutionary rate, mostly positive selection acting on the 
C-terminus end (Jiang et al., 2008). Polymorphisms that affect functionally important residues are 
generally found on the surface of RXLR proteins supporting the view that non-synonymous 
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substitutions in RXLR effectors have been positively selected (Boutemy et al., 2011, Yaeno et al., 
2011, Chou et al., 2011). 
The genomes and transcriptomes of two B. graminis isolates, A6 and K1, were sequenced 
and compared to the reference genome of isolate DH14 (Hacquard et al., 2013). The isolate-
specific single-nucleotide polymorphisms were investigated and resulted in unexpected 
evolutionary footprints and the identification of candidate virulence determinants that show rapid 
evolution (Hacquard et al., 2013). 
The sequencing of the B. graminis genome led to the identification of Candidate for 
Secreted Effector Proteins (CSEPs). These CSEPs were divided into two major types of families. 
One family consists of members with shorter proteins (100-150 amino acids), a high relative 
expression level in the haustoria and signatures of extensive diversifying selection between 
paralogs (Pedersen et al., 2012). The members of the second family have longer proteins (300-
400 amino acids), lower levels of differential expression and purifying selection between 
paralogs (Pedersen et al., 2012).  
Comparative genomic analyses of the wheat powdery mildew B. graminis f.sp. tritici draft 
genome and the B. graminis f.sp. hordei genome has identified 165 novel candidate effector 
genes that show evidence of positive selection (Wicker et al., 2013, Spanu et al., 2010). 
Candidate effector genes had more nonsynonymous substitutions than the average for all genes in 
the analysis of three B. graminis f.sp. tritici resequenced isolates from different geographical 
locations, indicating that these genes are under stronger diversifying selection, even within the 
same forma specialis (Wicker et al., 2013).  
1.10 Criteria for identification of B. graminis effector candidates 
 
BECs are Blumeria Effector Candidates. The list of candidate effectors including BECs 
was compiled using proteomics, transcriptomics and genomics. Microarrays have been carried 
out to monitor the transcriptome during a time infection course to identify genes specifically 
upregulated when the haustorium is formed (Both, 2005, Thomas et al., 2001).  Using the 
program RNAseq, the abundance of transcribed RNAs specifically associated with haustoria 
compared to mycelia or conidia was measured and the corresponding genes upregulated in 
haustoria only were added as BECs (Godfrey et al., 2010, Spanu et al., 2010). The criteria in the 
proteomics experiments are for proteins found in infected epidermis but not in mycelia or conidia 
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using mass spectrometry (Bindschedler et al., 2011, Bindschedler et al., 2009). Genes predicted 
to encode small secreted proteins with no evident homologs in other fungi were identified by a 
bioinformatics survey of the B. graminis genome (Pedersen et al., 2012). In addition, the 
characterization of avirulence genes that confer race-specific incompatibility on barley genotypes 
with corresponding resistance genes was carried out (Ridout et al., 2006; Sacristan et al., 2009).  
1.11 CSEPs 
 
 A large number of highly expressed proteins named CSEPs were identified following the 
sequencing of the B. graminis genome (Spanu et al., 2010). A comprehensive analysis of 
annotated genes identified 491 CSEPs in the DH14 isolate. At least 43 CSEPs have been 
experimentally verified in B. graminis-infected host epidermal tissue proteome (Bindschedler et 
al., 2011), and 3 were detected in the proteome of isolated haustoria (Godfrey et al., 2009) 
confirming an active secretion mechanism is exporting these CSEPs from the haustorium 
(Godfrey et al., 2010). CSEP-encoding genes were found to be different from those of the 
distantly related Golovinomyces orontii and Erysiphe pisi powdery mildews implying specific 
host adaptation (Spanu et al., 2010). 
 The 491 genes encoding these CSEP proteins make up over 7% of the annotated genes of 
B. graminis f.sp. hordei (Pedersen et al., 2012). Most of these proteins were grouped into 72 
families of up to 59 members and their expression was found to be predominantly in haustoria 
(Pedersen et al., 2012).  
One of the highlights of predicted protein structure analysis was an unexpected structural 
affinity to ribonucleases through the entire effector super-family (Pedersen et al., 2012). 
Repetitive DNA derived from retrotransposons and loose clustering is associated with CSEPs in 
the same family (Pedersen et al., 2012). The relative intron position and distribution of these 
candidate effector genes with a ribonuclease-like domain led Pedersen et al. (2012) to 
hypothesize that associated genes originate from an ancestral gene encoding a secreted 
ribonuclease that was duplicated successively by repetitive DNA-driven processes and subjected 
to diversifying selection during the grass and cereal powdery mildew evolutionary course 
(Pedersen et al., 2012). 
 Transgenic Arabidopsis plants expressing barley MLA1 were used to study early powdery 
pathogenesis of the B. graminis A6 and K1 isolates by RNA sequencing experiments during 
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compatible and MLA1-mediated incompatible interactions (Hacquard et al., 2013). CSEP 
transcripts were found to be induced in successive waves and decreased in incompatible 
interactions (Hacquard et al., 2013). This study revealed that the B. graminis transcriptional 
program is conserved during the infection process on dicotyledonous and monocotyledonous 
plants (Hacquard et al., 2013). 
Detailed biological roles of most CSEPs has not been documented except for the CSEPs 
screened using host-induced gene silencing that led to a suggested role in host-defense 
suppression (Zhang et al., 2012, Pliego et al., 2013). CSEP0055 was found to contribute to 
aggressiveness of the fungus and the suppression of plant defence (Zhang et al., 2012). The CSEP 
protein interacts with pathogenesis-related proteins PR1 and PR17 and the CSEP0055 transcript 
did not start to accumulate until the 24 hours post inoculation time point of the infection, 
suggesting a role in secondary penetration events (Zhang et al., 2012).  
1.12 Host induced gene silencing screen of BECs 
 
The host-induced gene silencing (HIGS) method was developed to overcome the difficulty of 
working with B. graminis, for which there isn’t a robust and reproducible transformation method 
(Nowara et al., 2010). HIGS is achieved in barley by particle bombardment of epidermal cells 
that introduces and transiently expresses constructs encoding hairpin RNAs that correspond to the 
target B. graminis transcript (Pliego et al., 2013). The epidermis is then inoculated and the 
resulting pathogen development is observed and recorded by measuring the haustorial index (HI) 
that is the frequency of full haustorial development relative to the controls bombarded with 
empty vectors (Pliego et al., 2013).  
As a positive control the previously described B. graminis avirulence genes Avrk1 and Avr10 
were silenced and the result was a reduced HI in plants lacking the corresponding R genes, thus 
confirming a role in infection for these effectors (Pliego et al., 2013). Two fungal β1,3-
glucanosyltransferases that are upregulated in a coordinated manner during the early infection 
were also silenced and resulted in a decreased HI (Both et al., 2005; Nowara et al., 2010).  
The current view is that HIGS is mediated by specific RNA interference (RNAi) determined 
by the transferring of double-stranded RNA from the host to the closely interacting pathogen but 
the precise mechanism by which this method works remains to be fully elucidated (Nunes and 
Dean, 2012).  
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 A range of proteins specifically associated with infected host tissues are produced by B. 
graminis (Pedersen et al., 2012). Fifty BECs were screened by HIGS and as a result eight 
effectors were identified that significantly decreased pathogen development. These eight BECs 
are: BEC1005, BEC1011, BEC1016, BEC1018, BEC1019, BEC1038, BEC1040 and BEC1054 
(Pliego et al., 2013). 
BEC1005 encodes a 299-amino acid preprotein that is predicted to undergo processing and 
secretion as a 281-amino acid mature protein. Sequence similarity was found between BEC1005 
and β1,3endoglycosidases of the CAZy database (Cantarel et al., 2009) glyco_hydrolase 17 
superfamily (Table 1.1). The BLAST tool was used and resulted in the most significant hits 
against proteins predicted in Sclerotinia sclerotiorum and Botrytis cinerea and other genes 
encoding similar proteins in filamentous ascomycete fungi and yeasts (Pliego et al., 2013).  
BEC1005 is different from the two previously identified β1,3-endoglycosidases important in the 
pathogenicity of B. graminis (Nowara et al., 2010).  
BEC1019 encodes a 316-amino acid preprotein predicted to be processed into a secreted 298-
amino acid mature protein and it was found to be conserved in a large collection of ascomycetes 
(Pliego et al., 2013). The most significant BLAST hits were to sequences in Sclerotinia 
sclerotiorum and Botrytis cinerea to members of the clan peptidase MA, a zinc metallopeptidases 
clan that is closely related with the M35 peptidase family (Pliego et al., 2013). 
 
BEC Orthologs/homologs 
1005 β-1,3-glucosidase 
1011 Chaperone/ribosome associate protein 
1016  No sig. similarity 
1018 No sig. similarity 
1019 Metalloproteases ("zincins"), catalytic 
domain/major allergen Asp F2 not conserved 
1038 Chaperone 
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1040 No. sig. similarity 
1054 Fungal RNase (catalytic residues in active site not 
conserved) 
Table 1.1. A summary of the predicted protein homologs found for the eight BECs resulting from the host induced gene silencing 
(HIGS) study.  
 
The other six BECs showed no significant sequence similarity to any other proteins. 
Therefore Pliego et al. (2013) used the structural predictions software Phyre
2
 (Kelley and 
Sternberg, 2009). A region of BEC1005 was modelled onto a β1,3-glucanase structure and 
similarly a region of BEC1019 was modelled onto a metalloprotease structure in the fungal zinc 
peptidase family (Pliego et al., 2013).  
The region corresponding to Cys27 to Gly108 of BEC1054 was modelled with 42.9% 
confidence onto a fungal ribonuclease structure, a confidence score lower than the 100% found 
with BEC1005 and BEC1019 but as it was higher than 40% was considered to be significant. 
None of the other BECs gave structural predictions with a confidence level higher than 40% 
(Table 1.1).  However, the nucleotide sequence of BEC1011 is 75% identical to that of BEC1054 
(Pliego et al., 2013). These two BECs are therefore probably paralogous and may adopt a similar 
fold. It was revealed that BEC1011 interferes with host cell death in assays that used the 
reduction of red anthocyanin pigments as indicators of host programmed cell death (Pliego et al., 
2013).  
1.13 Aims of this thesis 
 
 The aims in this thesis are: 
1. To investigate evidence of diversifying positive selection in natural populations of B. 
graminis.  
2. To analyse the expression pattern of BECs genes during a time course of B. graminis 
infection.  
3. To study whether BEC1054 protein binds RNA. 
4. To commence the genotyping of wheat lines expressing B. graminis effectors BEC1011 
and BEC1054 as transgenes and investigate an observable effect in pathogenicity tests. 
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5. To observe and study the ultrastructure of B. graminis-infected barley leaves. 
1.14 Objectives of this thesis 
 
1. Analysis of the dN/dS ratio was be used to quantify the selective pressures acting on 13 
BEC genes. 
2. Transcript profiling of 9 BEC genes was analysed during a time course of 6 time points in 
the B. graminis infection coinciding with key stages of the infection development. 
3. The differential scanning fluorimetry method was used to investigate whether BEC1054 
binds RNA. 
4. Polymerase chain reaction and quantitative real-time polymerase chain reaction were used 
to select and genotype transgenic wheat lines.  Pathogenicity tests were carried out on 
water agar plates and observed macroscopically. 
5. Transmission electron microscopy was used to study the ultrastructure of B. graminis 
infecting barley leaves.  
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Chapter 2: Materials and methods 
2.1 General lab protocols 
2.1.1 Fungal and plant material growth conditions 
 
Blumeria graminis f. sp. hordei was maintained on Hordeum vulgare L. cv. Golden 
Promise in Levingtons F2+S seed and modular compost plus sand. Barley seeds were sown once 
a week and inoculations were carried out at regular intervals. Approximately 50 seeds were 
planted in individual pots (13cm diameter). Potted plants were kept in trays placed in Perspex 
boxes (60x60x60cm). Plants were watered to ensure a constant pool of water in the trays. The 
growing room was kept at a constant temperature of 25
o
C with a relative humidity of 33%. The 
light cycle was 16 hours of light followed by 8 hours of darkness. 
2.1.2 Polymerase Chain Reaction (PCR) 
 
The following components were added to a PCR reaction tube: 4µl of 5X PCR Buffer 
(Promega), 1µl of 10mM dNTP mix (Bioline), 1µl of each 10µM primer, 0.5µl Taq enzyme 
(produced in the lab) and distilled water for a final reaction volume of 20µl. The components 
were mixed and placed in a thermocycler. The thermocycler programme depended on the gene of 
interest but always contained an initial heating to 95°C for 2min, then 40 cycles of 95°C for 
40sec, annealing temperature of 50-55°C depending on the gene to be amplified for 20sec and an 
extension condition of 72°C for 30sec. Time of extension depended on the length of the gene to 
be amplified, generally 1 min/kb.  
2.1.3 Gel electrophoresis  
 
Gel electrophoresis of the resulting sample using a submerged horizontal agarose gel was 
subsequently carried out. A 50mL gel was made by dissolving 0.5g agarose in 50mL 1X Tris-
Boric Acid-EDTA (TBE). 3μL SYBR safe stain (Invitrogen) was added to the gel to visualise 
DNA. It was loaded with 5μL of the PCR cDNA sample (concentration varies but usually up to 
1μg), 3μL loading dye and 3μL GeneRuler 1kbPlus DNA ladder (Fermentas). 
2.1.4 Trypan blue staining 
 
Leaf segments were taken from infected plants at the 0hrs, 12hrs, 24hrs, 48hrs, 72hrs and 5 d 
time points post inoculation. Infected leaf segments were placed in an eppendorf tube, covered 
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with 0.1% trypan blue in ethanolic lactophenol (1:3.35) (RAL Diagnostics) and incubated at 
80 C for 6 minutes. The leaf segments were then destained for an hour in chloral hydrate 
(2mg/ml). All steps were carried out in a fume hood. Fungal structures were viewed under a Carl 
Zeiss Axioskop 2 plus microscope. Images were taken using Carl Zeiss Vision AxioCam and 
processed using Axiovision 3.1 software. 
2.2 Expression profiling 
2.2.1 RNA extraction 
 
RNA extraction of time points 12hrs, 24hrs and 48hrs was done on abaxial (lower) 
epidermal peels to increase the fungal material relative to the plant material and consequently 
PCR signal.  
This RNA extraction protocol is adapted from Chomczynski and Sacchi (2006) 
(Chomczynski and Sacchi, 2006). 6-7 B. graminis infected leaf segments were cut and ground in 
a mortar and pestle with sand and liquid nitrogen until a homogeneous fine powder resulted. 
Typically 6ml of GTC/Phenol-β-Mercaptoethanol (P-β-ME-GTC) solution was added to the 
ground up material in a 15ml falcon tube before it could defrost and vortexed to mix. GTC and 
phenol were mixed in a 1:1 ratio and β-Mercaptoethanol was added at a concentration of 7µl/ml. 
GTC consisted of 4M Guanidine thiocyanate, 25mM sodium citrate pH 7.0 and 0.5 % Sarcosyl. 
0.2 volumes of chloroform (typically 0.5ml) were added, and everything was vortexed again to 
mix. The mix was centrifuged at max speed (3273 x g, Allegra X-12R Beckman Coulter) for 
15min. The upper phase was transferred to a new falcon tube and an equal volume of chloroform 
was added. After another centrifugation step at max speed for 15min, the top phase was 
transferred to a new falcon tube. 3M sodium acetate pH 5.2 was added to a final concentration of 
0.3M and precipitated with an equal volume of isopropanol. The sample was left in -20°C for 
15min to precipitate. The sample was centrifuged at max speed (3273 x g, Allegra X-12R 
Beckman Coulter) for 30min to pellet the RNA. The pellet was air dried and re-suspended in 
100µl diethylpyrocarbonated-treated water (DEPC) water. 
2.2.2 RNA purification and quantification 
 
Total extracted RNA was purified using Agencourt RNACleanXP (Beckman Coulter, 
High Wycombe, U.K.). The protocol followed involved the addition of magnetic beads (180μl of 
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beads for every 100μl of RNA sample) to the RNA sample, attachment of the RNA to the beads 
using a magnetic tray, the removal of the resulting RNA free liquid and three successive washes 
with 70% ethanol made with DEPC water to remove impurities. Purified RNA was eluted in 
100µl of DEPC treated H2O. RNA was quantified using a NanoDrop spectrophotometer (Thermo 
Fisher Scientific). Gel electrophoresis of the sample using a standard agarose gel was 
subsequently carried out. A 50mL gel was made by dissolving 0.5g agarose in 47.5mL 0.5X Tris-
Boric Acid-EDTA (TBE) and 2.5mL DEPC water. 3μl SYBR® Gold (Molecular Probes™) gel 
stain was added to the gel to visualise the RNA. It was loaded with 5μL purified RNA sample 
(usually a concentration of up to 1μg/μl), 3μl 6x DNA loading dye and 3μL GeneRuler 1kbPlus 
DNA ladder (Fermentas). The gel was viewed using a blue-light transilluminator. 
2.2.3 cDNA synthesis 
 
cDNA synthesis was carried out in PCR tubes. 1µl random primers (270ng), 1µl of 10mM 
dNTP mix, approximately 1μg of purified RNA and DEPC-treated H2O were mixed to make a 
reaction volume of 13µl. The reaction was incubated at 65°C for 5 minutes, and then placed on 
ice for at least 1 minute. 1µl of SuperScript ™III Reverse Transcriptase (Invitrogen) (200u/µl), 
4µl 5X first strand buffer, 1µl 0.1M DTT and 1µl RNase OUT Recombinant RNase Inhibitor 
(40u/µl, Invitrogen) were added. The reaction was then incubated at 25°C for 5 minutes to 
enhance random primer binding and then incubated at 50°C for 60 minutes. The reaction was 
inactivated by incubation at 70°C for 15 minutes.  
2.2.4 Primer sequences 
 
BEC Forward Primer Reverse Primer 
BEC 1001 CCCAAGCGGTGACATACTTT GTTGTTGCGCTAGATGACG 
BEC 1002 CAGAGTGCAGGCAAGAAACA GACCATTGAATCTTTCTAAATCTTG 
BEC 1003 ATGGACGTGTGTTAGAAGATGC CCTATTAGCGAGGGTCACCA 
BEC 1004 GTACAATTGAAATAGCCGACAATAAA GTCAAGCTTTCACCCGACAT 
BEC 1005 TTGAGCCAGGGATTTAACG AGCGTCGCATTCTAGTAGGG 
BEC 1006 CGTGCCTGTTGGACATATTG GAAATTGCGTCATTGTGGTG 
BEC 1007 TGAACGAGGTCAACGATCAA CCGATATATCAGGACGAGAAAAG 
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BEC 1008 CGGATTGGAAATTGGAGAAA GACTCAACCCCACCAGAGTA 
BEC 1009 GGAAGATTCGCAAAGAATAACAT GGCTGATGAATCCGACTTTT 
BEC 1011      CGAGATGCAGCAGTATTTGC  
 
CATGCTCTCCTTGCCAGTTT 
BEC 1016 ATTCACCATGGCAGAACTCC TGTGGTGTAACCCCTAATTGGT 
BEC 1018 CCCGTCAGGAGCTAGATTTG TGAGGCCATTGTTGAAGTTG 
BEC 1019 TCCTACGACTGGACAACACCT CATGCTGAGCAAGGGTTACA 
BEC 1038 TTTGCCCAAGACACTCAAAA GGCCCTGTAATGAGACCAAA 
BEC1040 TGGCGAGTATGGCAACTATG AATTTAGTGTTGCCGCTTCG 
BEC1054 GAAACGTTCGAGCTGCAGTA TACAGCTCCTCCTTGCCAGT 
BEC1061 TGATTGTTCTGGGGACTTGA ATTGGAATGTTTGGGTCGAA 
 Hv Tub2 TGACATGCTCTGCCATTTTC AGGCGGGATAGAACATAGGG 
Ta Tubb6 ACCTGAACCACCTCATCTCG CAAACCCGACCATGAAGAAG 
Table 2.1. Forward and reverse primer sequences designed. 
 
2.2.5 Quantitative real-time PCR 
 Quantitative real-time PCR was carried out using the Platinum® SYBR® Green qPCR 
SuperMix-UDG (Invitrogen™) system and analysed using the ΔΔCt method (Livak and 
Schmittgen, 2001). 6-β-Tubulin encoded by the Tub2 gene was chosen as the housekeeping gene. 
10μl of SYBRGreen qPCR SuperMix, 9.2μl of cDNA template from each infection time point, 
0.4μl of each 10μM BEC primers and 0.04μl of ROX reference dye were added to the reaction. 
qPCR reactions were carried out on 94-well plates using an Applied Biosystems 7500 Fast Real-
Time PCR System. The thermal cycle was split into 3 stages: 1) 95°C for 20 seconds, 2) 40 
repetitions of 95°C for 30 seconds followed by 60°C for 30 seconds, 3) (dissociation step) 95°C 
for 15 seconds, 60°C for 20 seconds, 95°C for 15 seconds, 60°C for 15 seconds. The relative 
expression of each gene was compared to the 0hrs reference time point acted as a calibrator 
sample. The ΔΔCt method is summarized below: 
 
ΔCt = Ct of target gene – Ct of reference gene (normalizing gene) 
ΔΔCt = ΔCt of target gene - ΔCt of calibrator sample (0hrs)  
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2
-
 
ΔΔCt 
= Normalised target amount, relative to calibrator sample 
 
Example of calculation for 0hrs: 
 
ΔCt = 26.2411 (Ct of target gene) – 23.5845 (Ct of reference gene) = 2.6566 
ΔΔCt = 2.6566 (ΔCt of target gene) – 2.6566 (ΔCt of calibrator sample (0hrs)) = 0  
2
-
 
ΔΔCt 
= 2
0
 (Normalised target amount, relative to calibrator sample) = 1 
 
Example of calculation for 12hrs: 
 
ΔCt = 28.3224 (Ct of target gene) – 26.4088 (Ct of reference gene) = 1.9136 
ΔΔCt = 1.9136 (ΔCt of target gene) – 2.6566 (ΔCt of calibrator sample (0hrs)) = -0.743  
2
-
 
ΔΔCt 
= 2
-(-0.743)
 (Normalised target amount, relative to calibrator sample) = 1.6737 
Relative expression at 12 hrs = 1.6737 fold higher 
 
2.3 Population genetics 
2.3.1 NIAB isolates 
 
 The isolates from the National Institute of Agricultural Botany (NIAB) in Cambridge 
were obtained from Donal O’Sullivan. 
2.3.2 Swiss-French isolates 
 
 The isolates from the Swiss-French region were obtained from the Bruce McDonald lab at 
ETH Zurich. They were originally acquired from Fabio Mascher of Research Station ACW. 
Agroscope Changins-Wädenswil. ACW is a research station that conducts applied research in 
plant science.  
2.3.3 Sequencing of gDNA PCR amplicons at ETH Zurich 
 
This protocol is from the Bruce McDonald group at ETH Zurich. 30μl of distilled water was 
added to all amplicons. The diluted amplicons were transferred to a ‘NucleoFast’ plate 
(Macherey-Nagel). The ‘NucleoFast’ plate was placed on a vacuum. Vacuum was turned on and 
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valve was turned until it reached 15, then valve was released. 40μl distilled water was added to 
‘NucleoFast’ plate to wash amplicons while the plate was still on vacuum. A mastermix with 2μl 
BigDye (Life Technologies), 1μl 10μM forward primer or 1μl 10μM reverse primer, 5μl 
amplicon (amount depends on intensity of amplicon band on an agarose gel) and 2μl distilled 
water to a total volume of 10μl was prepared. When membrane of ‘NucleoFast’ plate was dry the 
vacuum was turned off and 30μl distilled water was added to amplicons. The ‘NucleoFast’ plate 
was transferred to a shaker for 5 min. The amplicons were then transferred to a 96-well plate. 5μl 
of amplicon was taken from 96-well plate and transferred to a sequencing plate; the 96-well plate 
was then placed in -20°C for storage. 6μl of BigDye was added to each amplicon in the 
sequencing plate. The sequencing plate was then spun down and put in thermocycler overnight 
with the following program: 95°C for 10sec, 50°C for 5sec, 60°C for 4min, 100 cycles. A 
Sephadex plate was prepared with Sephadex (GE Healthcare) and 340μl distilled water was 
added on top of the Sephadex. Sephadex was left to polymerize overnight. The next day the 
Sephadex plate was spun 5 min at max speed keeping the Sephadex plate on a tray to collect the 
water. 12μl distilled water was added to the samples and Sephadex plate was centrifuged again 5 
min at max speed. The water was emptied from tray and 200μl distilled water was added to 
amplicons. The water collection tray was replaced with a sequencing plate and Sephadex plate 
was placed on top of the sequencing plate. 25μl amplicons from the thermocycler was added on 
top of the Sephadex plate wells and plates were centrifuged 5 min at max speed. Sequencing plate 
with purified amplicons was then inserted into 3130xl DNA Analyzer (ABI) sequencing machine 
for sequencing. 
2.3.4 Sequencing of cDNA PCR amplicons at NIAB 
 
This protocol is from the National Institute of Agricultural Botany (NIAB). Sequencing of 
PCR amplicons was broken down into four stages. The first stage was named ExoSap and 
cleaned up the amplicons of any excess dNTPs and salts. 5μl of exo, 60μl of SAP, 30μl of 
exoBuffer and 200μl of distilled water were mixed to make a mastermix for a 96-well plate. 2.5μl 
of mastermix was added to each well containing the PCR product. The plate was then placed in a 
thermocycler programmed at 37°C for 30min and 80°C for 10-15min.  
The plate was taken out and 2μl were transferred from each well into a new 96-well plate. 
The second stage involved adding the BigDye (Life Technologies) to tag each nucleotide for 
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sequencing. For a 96-well plate a mastermix was made with 50μl BigDye, 180μl Buffer, 120μl 
10μM of the primer chosen to sequence and 580μl distilled water. 10μl of mastermix was added 
to each well and the plate was placed in a thermocycler programmed at 96°C for 1min, 25 cycles 
of 96°C for 10sec, 50°C for 5sec and 60°C for 4min.  
The plate was taken out and the next stage was purifying and precipitating the extension 
products. To each well was added 1μl of EDTA, quick spin to collect to the bottom of well, 1μl 
of Sodium Acetate, quick spin, 25μl of 100% Ethanol, and plate was covered with plastic seal, 
turned over and inverted to mix. Plate was spun at max speed for 40min at 4°C. The seal was 
taken off and washed with 75% Ethanol, spun for 15min with seal, then seal was taken off and 
plate was spun quickly upside down to collect the Ethanol. Plate was placed in a dark place for 5-
10min and each well was resuspended in 10μl Hi-Di. The plate was kept in dark for 10min and 
placed inside the final stage: the ABI3730 Sequencer. 
2.3.5 Phylogenetic tree assembly 
 
The software used for phylogenetic tree assembly was MEGA (Tamura et al., 2011). The 
maximum likelihood method was chosen for tree assembly and the bootstrap method was 
selected in the MEGA software as the statistical test to determine significance in branching in the 
phylogenetic tree. 100 Bootstrap replications were tested.  
2.3.6 Software for detection of positive selection 
 
The website www.datamonkey.org was used which contains a software package of 
positive selection detection in aligned coding sequences. The tests selected for this study were 
SLAC (single likelihood ancestral counting) (Kosakovsky Pond and Frost, 2005), REL (random 
effects likelihood) (Kosakovsky Pond et al., 2011), FEL (fixed effects likelihood) (Kosakovsky 
Pond and Frost, 2005, Kosakovsky Pond et al., 2006). SLAC is the fastest and most conservative 
method. It is used to obtain substitution maps at each site. REL allows synonymous rate variation 
and can be used on small (5-15 sequences) datasets or low divergence alignments. It is also the 
method that makes the most assumptions and can lead to high rates of false positives. FEL is used 
to obtain a good site-by-site substitution rate estimate. It is considered to be the best overall 
method because of the tradeoff between statistical performance and computational expense. 
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2.4 BEC1054 protein biochemistry 
2.4.1 Differential Scanning Fluorimetry 
 
The differential scanning fluorimetry assay was carried out in a 96-well plate with the 
following components (Niesen et al., 2007): a titration of SRL RNA (synthesized by Invitrogen 
Ltd.) concentrations (2µM, 60nM, 20nM, 6nM etc…), 2µM purified recombinant BEC1054 
(purified using the GE Healthcare Life Sciences ÄKTA method by Dr. Dana Gheorghe), 1µl 
SYPRO Orange (Invitrogen) (1:250 dilution of stock) and buffer up to 40µl total volume. The 
buffer used for this assay was made with 20mM sodium acetate pH 4.6, 150mM sodium chloride. 
The assay was performed following the instructions from the Applied Biosystems by Life 
Technologies Protein Thermal Shift Studies User Guide (Publication Part Number 4461808 Rev. 
A, revised May 2011). The instrument used was 7500 Fast and the software was the 7500 
Software v2.0.5.  
2.4.2 Protein extraction 
 
Plant material was ground up in liquid N2 and little sand. If fresh material extract directly 
in ice cold extraction buffer (Protein extraction buffer: 0.01% Tween-20, 50mM sodium 
phosphate buffer pH 8, 300mM sodium chloride, 1mM magnesium chloride, 1% PVPP). 2-3x 
volumes of extraction buffer (ml/g) were added after addition of protease inhibitors Pi tablet 
(EDTA-free protease inhibitor, Roche). Samples were centrifuged at 14,000rpm on a standard 
tabletop microcentrifuge for 15 min. Particulates were removed using filtration through miracloth 
(Calbiochem). Protein content was estimated by Bradford assay (Bradford, 1976). Protein 
samples were placed in SDS-PAGE “sample buffer” in a 1:1 ratio. Composition of the sample 
buffer: 240µl Sample reducing agent 10x with 600µl LDS Sample buffer 4x (Invitrogen). 
Extraction of samples in denaturing extraction buffer (7M Urea, 2M Thiourea, 10mM 
DTT, 0.1% CHAPS) is an adapted method from Bindschedler et al. (2006) (Bindschedler et al., 
2006, Bindschedler et al., 2011). 
2.4.3 SDS-PAGE 
 
The resolving buffer was made with 1.5M Tris-Hydrochloric acid pH 8.8, 0.4% SDS. The 
stacking buffer was made with 0.5M Tris- Hydrochloric acid pH 6.8, 0.4% SDS. A 12% SDS-
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Polyacrylamide gel was made following the recipe with 12.5% resolving gel made with 3.75ml  
Acrylamide/Bis-acrylamide (37:1), 2.25ml resolving buffer 2.25ml, 2.7ml dH2O, 5ul TEMED, 
31ul 10% APS. The 5% stacking gel was made with 0.5ml Acrylamide/Bis-acrylamide (37:1), 
0.75ml stacking buffer, 1.71ml dH2O, 3.5µl TEMED and 35µl 10% APS. The SDS-
Polyacrylamide gel was set and ran with 1000ml 1X Running buffer made from 10X Running 
buffer stock (30.3g Tris, 144g glycine, 10g SDS, dH2O up to 1000ml). 
The samples were placed in heating block set at 80°C for two minutes. The samples were 
vortexed and a volume dependent on the well size was loaded on the SDS-Polyacrylamide gel.  
2.4.4 SDS-PAGE gel staining 
 
SDS-Polyacrylamide gels were stained using the protocol from Candiano et al. (2004) 
(Candiano et al., 2004). SDS-Polyacrylamide gels were quickly rinsed in distilled water then 
stained in staining solution (31 ml ddH2O, 5.88 ml phosphoric acid, 5g ammonium sulphate and 
0.06g G25 Coomassie, complete to 40ml ddH20). Just before use while stirring, 10ml Methanol 
was added slowly using 1ml Pasteur pipette. Gel was then destained to reduce background in 1% 
acetic acid.  
2.4.5 Western blotting 
 
The western blotting protocol was adapted from the ThermoScientific Chemiluminescent 
Western blotting technical guide and protocols TR0067.1. Samples were analysed by SDS-
PAGE. A prestained marker (Thermo Scientific Page Ruler Plus Prestained) was used as a 
reference. The electrophoresis was carried out at 200V for 75 min. One litre of 1X Transfer 
buffer was prepared fresh (12.5mM Tris, 96 mM Glycine, 0.01% SDS, 200ml methanol to 1L). 
Enough 1X Transfer buffer was added to a plastic container to wet two filter papers, the black 
sponge rectangles, the SDS-polyacrylamide gel once it was finished running and the Western 
blotting PVDF (Roche) membrane. The Western blotting PVDF membrane was cut to fit the size 
of the SDS-polyacrylamide gel. The PVDF membrane was wet with 100% Methanol and placed 
inside the container with the rest of the material.  
Once the SDS-polyacrylamide gel finished running one gel was taken out of its glass 
encasing and placed in the container with the 1X Transfer buffer, filter paper, black sponge and 
PVDF membrane. The other SDS-acrylamide gel half was taken out of its glass encasing and 
carefully placed into a container with Imperial blue stain. 
50 
 
The materials in the container prepared for transfer were assembled and placed in the 
Transfer tank. The transfer was set to run at 400 mA for 60-75 min. Once transfer was completed 
the PVDF membrane was taken out of its encasing and placed in 50ml of TBST buffer with 5% 
milk (0.15M sodium chloride, 0.05M Tris- Hydrochloric acid pH 7.5, 0.005% Tween-20, 0.05% 
milk) for blocking. Blocking was done in cold room on shaker for 60min. After blocking was 
completed the membrane was transferred to a disposable polypropylene (e.g. Falcon) tube with 
10ml of TBST 5% milk.  
The primary α-BEC1054 was raised in rabbits. Primary α-BEC1054 (1/10,000 dilution) 
was added to the falcon tube with the membrane and it was placed in the cold room on a shaker 
overnight. The next day the TBST with milk was disposed of and 10ml TBST buffer was added 
to wash the membrane and changed every 15 minutes for 10 repetitions in the cold room.  
Once washing was complete secondary α-Rabbit HRP was added to the membrane 
(1/10,000 dilution in TBST 5% milk).  The membrane was kept on a shaker in the cold room for 
60 min. A further washing step followed with 10ml TBST buffer added to wash the membrane 
and changed every 15 minutes for 4 repetitions in the cold room. Once the washing step was 
completed the membrane was incubated in enhanced chemiluminescence (Ecl) solutions I and II 
were added (Ecl solution I: 10ml 1M Tris-Hydrochloric acid pH 8.5, 1ml 250mM luminol stock 
(in DMSO), 0.44ml 90mM p-Coumaric acid (in DMSO), Make up to 100ml with dH2O; Ecl 
solution II: 10ml 1M Tris- Hydrochloric acid pH 8.5, 64ul 30% hydrogen peroxide, Make up to 
100ml with dH2O). 
Equal amounts of Ecl solution I and Ecl solution II were mixed and added to the 
membrane. The volume depended on the size of the membrane. The light produced by the Ecl 
reaction was then visualized using the chemiluminescence option on the Fujifilm LAS-3000 
Intelligent Dark Box CCD Imaging system. 
2.5 Transgenic wheat 
2.5.1 Transgenic wheat lines 
 
The synthesis of BEC1011 and BEC1054 clones with silent mutations (named “Wobble”) 
was used to generate proteins with the same codon usage but that would be insensitive to the 
corresponding host-induced gene silencing constructs. This work was done to confirm that 
silencing of BEC1011 and BEC1054 resulted in the decrease in haustorial development and not 
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any other gene (Pliego et al., 2013). Co-bombardment with the BEC1011 and BEC1054 wobble 
constructs RNAi silencing plasmids resulted in haustoria formation that was not significantly 
different from the controls, indicating that the lost function of the silenced BECs was reacquired 
by the wobble constructs (Pliego et al., 2013).  These wobble sequences were used in the 
Agrobacterium-mediated transformation of Fielder variety wheat (Triticum aestivum) at the 
National Institute of Agricultural Botany (NIAB) in Cambridge.  
2.5.2 Binary construct preparation and transfer to Agrobacterium 
 
BEC constructs cloned in pEntry between the Gateway aatL1 and aatL2 sites, were 
transferred to Emma Wallington at NIAB, Cambridge. Emma Wallington performed all of the 
following work in this section. The inserts were recombined using a Gateway Clonase II kit 
(Invitrogen) into a binary vector, pActR1R2-SCV containing Gateway aatR1 and aatR2 sites. 
This is a super clean vector (Firek et al., 1993), containing the NPTII (neomycin 
phosphotransferase II) gene under the control of the subterranean clover stunt virus Sc4 
promoter (Schünmann et al., 2003) and Arabidopsis thaliana FAD2 intron (Okuley et al., 1994) 
for selection on Geneticin G418 in tissue culture.  After transfer into wheat the BEC sequences 
would be expressed from the rice Actin promoter (McElroy et al., 1990). The resultant plasmids 
pEW236, pEW237, pEW238 and pEW239 were electrotransformed into Agrobacterium strain 
AglI. Plasmids were isolated from agrobacterium and verified by restriction digest prior to use in 
wheat transformation experiments. 
2.5.3 Wheat transformation 
 
Melanie Craze and Sarah Bowden performed all the work in this section. The wheat 
transformation experiments and copy number determination were done at NIAB. Immature donor 
wheat seeds (US spring variety Fielder) were collected 14-16 days after anthesis and surface 
sterilized as per Risacher et al. (2009) (Risacher et al., 2009). Before Agrobacterium infection, 
isolated embryos were pre-treated with a centrifugation step essentially as detailed in Hiei, et al. 
(2006) (Hiei et al., 2006). Treated embryos were co-cultivated with the Agrobacterium strains 
described above at 23 °C in the dark for 2 days. Following removal of the embryonic axis, 
subsequent tissue culture of the plant material was performed essentially as described in Risacher 
et al. (2009). Wheat plantlets were analysed by quantitative PCR for the copy number of the nptII 
selectable marker gene. Transformation efficiencies (the percentage of wheat embryos which 
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regenerate a transformed plant) ranged between 22.2 and 37.9% with these constructs. Plants 
were grown to maturity at NIAB, and T1 seed transferred to Imperial College, London for 
analysis and development of homozygous lines. 
2.5.4 Breaking dormancy of transgenic wheat seeds 
 
 The dormancy of the transgenic wheat seeds was broken by incubating the wheat seeds 
for 5 days with cycles of 32°C during the day and 4°C overnight. 
2.5.5 Transgenic wheat growth conditions 
 
The transgenic wheat plants were grown in chambers with about 350-500 umoles/m2/s 
light levels. The plants were grown in pots with 9cm diameter in Levingtons M2 compost with 
Osmocote Patterned Release Fertilizer (Scotts). The growth conditions were 16hr day length, 
20
o
C day temp, 15
o
C night temp.  
2.5.6 Expression of transgene in transgenic wheat lines 
 
 The Applied Biosystems by Life Technologies 7500 Fast instrument was used to perform 
quantitative real-time PCR using cDNA I synthesized from all the transgenic wheat lines 
produced by NIAB to determine the highest expression for 1-copy lines. The Platinum® SYBR® 
Green qPCR SuperMix-UDG (Invitrogen™) system was used. The analysis was performed by 
the ΔCt method where ΔCt =wheat Tubb6 tubulin -Gene of interest (GOI). The GOI was the 
BEC-wobble gene in the corresponding transgenic wheat line. The positive control used was non-
transgenic wheat with wheat tubulin Tubb6 primers and the negative control used was non-
transgenic wheat with BEC-wobble primers. The assay was carried out in a 96-well plate with the 
following components: 12.5µl SYBR Green Supermix, 300nM forward primer, 900nM reverse 
primer, 1µl template gDNA and 8.5µl dH2O for a total volume of 25ul. The thermal cycle was 
split into 3 stages: 1) 95°C for 20 seconds, 2) 40 repetitions of 95°C for 30 seconds followed by 
60°C for 30 seconds, 3) (dissociation step) 95°C for 15 seconds, 60°C for 20 seconds, 95°C for 
15 seconds, 60°C for 15 seconds. 
2.5.7 Genotyping transgenic wheat  
 
 Genotyping of the transgenic wheat was carried out using genomic DNA first by PCR 
(95°C for 2min, then 40 cycles of 95°C for 40sec, annealing temperature of 50°C for 20sec and 
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an extension condition of 72°C for 30sec) and then by quantitative real-time PCR using the 
Applied Biosystems by Life Technologies 7500 Fast instrument. The same system, conditions 
and analysis were carried out as for the expression of the transgene in transgenic wheat lines. The 
genotype of the line was determined by the expression results relative to wheat tubulin. An 
expression relative to wheat tubulin of 0.00 would correspond to homozygous null i.e. no 
transgene; 0.2-0.5 to heterozygous for transgene; 0.5-1.0 to homozygous positive for transgene. 
2.5.8 Pathogenicity tests 
 
Three 1cm leaf segments were cut and placed on wet blue roll and infected with either 
DH14 isolate B. graminis f.sp. hordei or an unnamed isolate of B. graminis f.sp. tritici that 
infects Fielder variety wheat (from NIAB). Water agar plates were prepared with 0.5% agar and 
the infected leaf segments were transferred after an hour, right side up, from the blue roll to the 
agar plates. The infection was then observed using a stereomicroscope 5 days after inoculation. 
2.6 Transmission Electron Microscopy 
2.6.1 Chemical Fixation for Ultrastructure study of B. graminis  
 
The primary fixation was carried out with: 4% paraformaldehyde (PFA) + 2.5% 
glutaraldehyde (GA) in 0.05M phosphate buffer (Sorensen) buffer pH 7.4. Samples were cut in a 
drop of freshly made fixative and syringe infiltrated. The fixative was replaced after syringe 
infiltration. The samples were then left for 1-2 hours at room temperature (RT) with rotation, 
followed by overnight incubation at 4°C. On day 2 samples were washed in 0.05 phosphate 
buffer (minimum 2x15 mins) with rotation at RT. Secondary fixation was performed with 
fixative made up of: 1% osmium tetroxide in 0.05M phosphate buffer pH 7.4. The samples were 
then kept for 2 hours RT in the dark (under fume-hood), no rotation.  
The specimen were then washed in phosphate buffer (minimum 2x15 mins) with rotation 
at RT. Dehydration occurred in the following steps 
 25% ethanol (2 x 10 mins) RT 
 50% ethanol (2 x 15  mins) RT 
 70% ethanol (2 x 30 mins) RT *Can be left overnight at 4°C  
 90% ethanol (2 x30 mins) RT 
 100% dry ethanol (2 x 30mins) RT  
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 100% propylene oxide (2 x 10 mins) RT 
Infiltration was then done on the samples by steps of 3:1 propylene oxide: TAAB 812for 1hr 
RT, 1:1 propylene oxide: TAAB 812 for 1hr RT and 1:3 propylene oxide: TAAB 812 for 1hr RT. 
The specimens are then infiltrated with 100% TAAB 812 for 1hr RT. These samples can be left 
overnight at 4°C. The resin was replaced once a day for 2-4 days (overnight at 4°C or RT 
depending on samples being prepared). The samples were then placed in the embedding mould 
and polymerised in a pre-warmed embedding oven at 60°C during the week-end (around > 60 
hours) (or according to manufacturer’s instructions see TAAB leaflet). 
2.6.2 Antibody purification 
 
The antibody α-BEC1054 (raised in rabbits by Covalab) was purified using the HiTrap NHS-
activated High Performance (HP) columns (GE Healthcare). The protocol for purification, 
including the coupling procedure of the primary amino groups on the ligand and the NHS-
activated Sepharose HP column, were on the GE Healthcare Data file 18-1134-80 AC. The 
coupling buffer was the same buffer the recombinant BEC1054 proteins were purified in: 20mM 
sodium acetate pH 4.6, 150mM sodium chloride. Once the ligand was bound to the column the 
column was ready for use. The antibody was loaded in the binding buffer (0.1M Tris-glycine pH 
7.8, 0.02% sodium azide, 1:1 glycerol) and the fractions were collected in 1.5ml eppendorf tubes. 
The sample was eluted with elution buffer (100mM glycine, 0.5M sodium chloride pH 3) and the 
fractions were collected in 1.5ml eppendorf tubes. The purified antibody was buffer exchanged to 
phosphate buffered saline pH 7.8 for electron microscopy use and concentrated using the 
centrifugal filter method (Amicon Ultra-0.5ml, Merck Millipore). Remaining antibody was stored 
in storage buffer: 0.05M sodium phosphate dibasic, 1% sodium azide pH 7.  
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Chapter 3: Population genetics of BECs 
3.1 Introduction 
 
Evolution is the process of gradual changes or steps any living organism or group of 
organisms goes through to acquire the morphological and physiological characters that 
distinguish it (Hartl and Clark. 2006). Monocultures play a role in the speed at which 
evolutionary events happen in agricultural crops because of their high density and genetic 
uniformity (McDonald and Linde, 2002). A pathogen’s population genetic structure reflects the 
evolutionary potential of that pathogen population (McDonald and Linde, 2002). Genetic 
structure refers to the quantity and distribution of genetic variation within and among 
populations. The gene diversity is a population’s number and frequencies of alleles at individual 
loci. There is more gene diversity as the number of alleles increases and the relative frequencies 
of those alleles become more equal within a population (McDonald and Linde, 2002).  
3.1.1 The arms race model 
 
A vast array of defence mechanisms in the host plants has been generated as a result of 
the antagonistic coevolution between plants and pathogens. In the classical gene-for-gene (GFG) 
model, the pathogen avirulence (Avr) gene evolves to escape host recognition while the host 
resistance (R) gene evolves to counteract and identify the evolving pathogen elicitor (Flor, 1942) 
(Figure 3.1).  The GFG and guard models (explained in chapter 1) describe interactions between 
individual plants and their associated pathogen strains. The arms race and the trench warfare 
models describe interactions at the population level.  
Elevated levels of polymorphisms are shown in pathogen effector genes, reflecting the 
coevolutionary arms race between host and pathogen. The coevolutionary interaction between 
pathogens and their hosts is commonly referred to as an arms race, or the Red Queen model in 
reference to Lewis Carroll’s (1872) Through the Looking Glass, where the Red Queen says to 
Alice, “Now, HERE, you see, it takes all the running YOU can do, to keep in the same place. If 
you want to get somewhere else, you must run at least twice as fast as that!” (Van Valen, 1973). 
Population geneticists have used this quote to mean that the pathogen and the host are in constant 
co-evolution to maintain their respective levels of disease and immunity. 
An advantageous allele can be swept to fixation when selection eliminates variation in the 
coevolved gene and its neighbouring regions. Recurrent selective sweeps will decrease variation 
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at the population level. In a field planted with a cultivar carrying a new R gene, one R allele may 
be favoured over other alleles and become swept to fixation by positive selection. In this case 
only the pathogen strains carrying the mutation from Avr to virulence would survive in the 
presence of the R gene (Brown, 1994, Brown and Wolfe, 1990). This fixation of the allele will 
make the selected population monomorphic at the selected locus (Stukenbrock and McDonald, 
2009). Positive diversifying selection acts on the pathogen Avr genes to favour mutations and 
become virulence genes that can escape recognition. Escape from recognition by the pathogen 
triggers the coevolutionary arms race that leads to positive diversifying selection acting on R 
genes.  
 
Figure 3.1. Gene-for-gene (GFG) interactions based on avirulence proteins can lead to positive diversifying selection as a 
result of protein-protein interactions. In incompatible interactions the plant NB-LRR protein recognizes the biotrophic 
pathogen Avr protein and the immune response is induced leading to resistance. In compatible interactions the biotrophic 
pathogen Avr protein is subjected to positive diversifying selection favouring mutations in the gene to encode a virulent protein 
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that is no longer recognized by the plant NB-LRR protein. This leads to a successful infection. The evolutionary outcome is that 
the plant R gene coevolves to enable new effector recognition. The R gene may coevolve through positive diversifying selection 
of R-gene duplication or recombination. Figure adapted from Stukenbrock and McDonald (2009). 
 
Studies from the past decade or so have used both spatial and temporal collections to 
assess the diversity and distribution of alleles and to monitor changes in allele frequencies over 
time. Genes involved in GFG interactions have been identified and their roles in virulence and 
resistance are being characterized (Bimolata et al., 2013, Wen et al., 2013, Kämper et al., 2006, 
Ridout et al., 2006, Dean et al., 2005, Huang et al., 2005). Nucleotide diversity in target genes 
and their neighbouring genomic regions can be analyzed to determine the molecular basis of how 
selection has shaped the diversity and distribution of particular alleles within and among 
pathogen and plant populations.  
Many studies have used a random sample of gene sequences originating either from the 
same species or homologous sequences from related species to infer patterns of selection for 
pathogen genes (Damasceno et al., 2008, Staats et al., 2007, Bishop et al., 2005, Liu et al., 
2005b). The results from these studies often support host and pathogen coevolutionary model 
with diversifying selection operating to increase protein diversity in both the host and the 
pathogen.  
3.1.2 The trenchwarfare model 
 
An alternative to the coevolutionary arms race model is the trenchwarfare model. A 
model study for trenchwarfare was conducted by Allen et al. (2004) that looked at the host-
parasite coevolutionary conflict between Arabidopsis and downy mildew (Allen et al., 2004). The 
Arabidopsis RPP13/Hyaloperonospora parasitica ATR13 plant/pathogen interaction proteins 
have high levels of amino acid polymorphisms relative to silent polymorphism in both plant and 
pathogen genes. This is consistent with a history of balancing selection operating at both loci. 
Haldane’s theory suggests that coevolution of host and pathogen could lead to the maintenance of 
variation in both organisms (Haldane, 1949). 
3.1.3 Isolate collection from NIAB 
 
Each year the National Institute of Agricultural Botany (NIAB) tests around 150 B. 
graminis isolates. Only a small fraction of these isolates tested are kept in storage because of lack 
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of facilities and space to store all 150 each year. A relatively small collection is maintained which 
has isolates carrying some interest to crop research such as having a new virulence or avirulence 
combination not previously identified, or carry a narrow spectrum of virulence. This means 
usually only 2-3 isolates are added to the collection each year and the rest are disposed of. From 
this collection, 20 isolates representing the years 1970 to present were taken to test for this 
population genetics study. 
3.2 Aims 
 
 The aim of this study is to find evidence of positive diversifying selection acting on BEC 
(Blumeria Effector Candidates) genes in natural populations of barley powdery mildew Blumeria 
graminis f.sp. hordei (B. graminis). The isolates used for this study were obtained from: 
1. The National Institute of Agricultural Botany (NIAB) in Cambridge (20 isolates). These 
isolates represent the time period from 1970 to 2009.   
2. Roger Wise at Iowa State University (2 isolates). The isolates were of European origin: 
isolate cc148 is from the John Innes Centre in England but collected in Moray, Scotland 
and 5874 is from the Riso collection in Denmark (Torp et al., 1978).   
3. Bruce McDonald at ETH Z rich (32 isolates). These isolates originate from the Swiss-
French region representing barley, rye, wheat and triticale powdery mildews.  
The reference BEC sequences were from isolate DH14 which was used in the genome 
sequencing project (Spanu et al., 2010). 
3.3 Objectives 
 
 The workflow for this population genetics study is shown in Figure 3.2. Genomic DNA 
was extracted from leaf segments infected with each individual isolate being tested. The BEC 
genes chosen were amplified and sequenced using both the reverse and forward primers. A 
consensus sequence was created from the alignment of the reverse and forward sequences and a 
phylogenetic dendrogram of all the aligned consensus sequences from each isolate was modelled. 
Positive diversifying selection software was used to test for evidence of this selective pressure 
acting on the genes.  
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Figure 3.2. Population genetics study workflow chart. The isolates were obtained from the National Institute of Agricultural 
Botany (NIAB) in Cambridge, England, and our collaborator Roger Wise at Iowa State University and Bruce McDonald at ETH 
Z rich. The genomic DNA was extracted from the barley leaves individually infected with each isolate. Alternatively, total RNA 
can be extracted and cDNA is synthesised. Once DNA was available, polymerase chain reaction (PCR) using gene-specific 
primers was used to amplify the BEC genes of interest. The amplicons were sequenced using the forward and the reverse primers 
for a total of two sequences per gene of interest. Once the sequences were collected they were aligned and a consensus sequence 
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between the forward primer and reverse primer sequence was created for each isolate-specific amplified gene. A phylogenetic 
dendrogram was assembled to check whether the variation found was statistically significant (using the Bootstrap method) and 
positive diversifying selection software was used to identify whether positive diversifying selection is acting on the BEC genes. 
3.4 Results  
3.4.1 Variation in BECs  
 
 Thirteen genes were sequenced, of which six BECs were validated functionally as 
effector-like genes (here-after “effectors”) as a result of the silencing screening done in parallel 
of this population genetics study (Pliego et al., 2013). The effectors genes are BEC1005, 
BEC1011, BEC1016, BEC1019, BEC1038 and BEC1054. The genes BEC1001, BEC1002, 
BEC1003, BEC1004, BEC1007, BEC1024 and BEC1061 were also included in this study.  
The consensus sequences obtained from the isolates were aligned against the BEC 
sequence from the genome sequence of isolate DH14 (Spanu et al., 2010). BEC1005, BEC1007, 
BEC1024, BEC1038 and BEC1061 did not have any polymorphisms when compared to DH14. 
BEC1001, BEC1002, BEC1003, BEC1004 and effectors BEC1011, BEC1016, BEC1019 and 
BEC1054 had polymorphisms. A summary of the variation found in the NIAB isolates and the 
year each isolate was collected in is found in Table 3.1. In BEC1004 only one isolate had 5 
polymorphisms in its sequence and the other isolates did not have any variation compared to 
DH14.  
It was possible that during this study the polymorphisms picked up by the sequencing 
analysis were of the paralogs rather than the gene originally intended to be studied. A BLAST 
search of the BEC genes being studied against all of their paralogs was done to check that the 
primers designed did not match against any other paralogs. The BLAST search revealed that the 
primers designed for this population genetics study did not match any regions in the paralogs for 
any of the BECs.  
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Table 3.2. Summary table of polymorphisms found in the BECs sequenced in this population genetics study. The thirteen 
BECs sequenced represent 7 effector BECs and 6 control BECs with no identified virulence function when screened in the 
silencing study. The BECs were all sequenced in 22 isolates, of which 20 are from NIAB and 2 are from the US. The third and 
fourth columns show the proportion of polymorphisms that are synonymous and nonsynonymous.  
 
Nonsynonymous substitutions accumulate variation by introducing new amino acids 
encoded in a gene whereas synonymous substitutions do not alter the amino acid sequence and 
therefore conserve the peptide that is being encoded. If a gene is under positive diversifying 
selection, a higher proportion of nonsynonymous substitutions will be present than synonymous 
substitutions. If the other way around were the case and the proportion of synonymous 
substitutions was higher then purifying selection may be acting on the genes. 
BEC1003, BEC1011 and BEC1019 have more nonsynonymous than synonymous 
substitutions (Table 3.2). BEC1003 has 1 nonsynonymous substitution and 0 synonymous 
substitutions. This substitution is T355A (in isolates cc21, b0581, cc137, cc15, cc148, cc7, cc52, 
cc80, cc2, cc249, cc244, 5874, 09563, cc1, cc222). BEC 1019 has 2 nonsynonymous substitution 
and 0 synonymous substitutions. These substitutions are T148A (in isolates cc15, cc249) and 
BEC 
# of 
polymorphisms Synonymous Nonsynonymous 
1001 4 2 2 
1002 1 1 0 
1003 1 0 1 
1004 5 3 2 
1005 0 0 0 
1007 0 0 0 
1011 7 1 6 
1016 4 3 1 
1019 2 0 2 
1024 0 0 0 
1038 0 0 0 
1054 2 1 1 
1061 0 0 0 
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A264T (in isolate cc244). None of the variation found in any of the BEC genes was statistically 
significant.  
3.4.2 BEC1011 
 
BEC1011 has 6 nonsynonymous substitutions and 1 synonymous substitution (Figure 
3.3). BEC1011 has the most polymorphisms and the majority of them are nonsynonymous. To 
test whether positive diversifying selection is present the ratio of nonsynonymous to synonymous 
substitutions was calculated. Therefore it is of importance towards identifying positive 
diversifying selection to observe if a gene has a high number of nonsynonymous substitutions. 
For the rest of this chapter focus is placed on BEC1011 as an example of the analysis conducted 
on all BECs because BEC1011 had the most nonsynonymous substitutions. 
 
 
Figure 3.3. BEC1011 nucleotide alignment of 22 isolates representing 40 years. BEC1011 was sequenced in 20 isolates from 
the National Institute of Agricultural Botany (NIAB) in Cambridge, England and 2 isolates from our collaborator Roger Wise, 
Iowa State University. The highlighted bases are the polymorphic sites.  
 
There are a total of 7 polymorphic sites between the aligned sequences of which 1 is a 
synonymous substitution and 6 are nonsynonymous substitutions (Figure 3.3). The 
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polymorphisms in BEC1011 were: G113A (isolates cc223, cc1, cc2; nonsynonymous), A123T 
(isolate b0581; synonymous), G124T (isolate cc148, b0581; nonsynonymous), A179G  (isolate 
cc223, cc1, cc2; nonsynonymous), G182C (isolates cc7, cc222, 09621, cc21, cc244, claire15, 
cc249, cc223, cc1, rosemary11, cc15, cc80, cc2; nonsynonymous), A265C (isolate cc2; 
nonsynonymous), A306T (isolates cc223, cc1; nonsynonymous) 
The dendrogram (Figure 3.4) shows that the polymorphisms present in BEC1011 create 
branched clusters when modelled but these branches are not significantly different when tested 
with the Bootstrap statistical test (100 replications). This was the case for all the other BECs. 
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Figure 3.4. Dendrogram phylogenetic tree of BEC1011 sequences. Dendrogram was created with the program MEGA with 
sequences of BEC1011 in 20 isolates coming from the National Institute of Agricultural Botany (NIAB) in Cambridge, England 
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and 2 isolates from our collaborator Roger Wise in Iowa State University. Bootstrap statistical analysis was done with 100 
replications to determine statistical significance in branching. 
 
3.4.3 Positive diversifying selection 
 
Positive diversifying selection software provided by the website www.datamonkey.org 
was used to test whether the variation found in the BEC genes indicates presence of diversifying 
positive selective pressures. I chose to consider a codon site as being under positive diversifying 
selection only if the three programs REL (random effects likelihood), FEL (fixed effects 
likelihood) and SLAC (single likelihood ancestor counting) all flagged it independently. This was 
not the case for any of the BECs and therefore no BECs showed evidence of statistically 
significant positive diversifying selection.  For example, in BEC1011 REL flagged 118 positively 
selected sites and no negatively selected sites, FEL found no positively or negatively selected 
sites and SLAC found no positively or negatively selected sites.  
3.4.4 Swiss-French region isolates 
 
 A collection of rye, barley, wheat and triticale powdery mildew formae speciales from the 
Swiss-French region was made available to me during my placement in the McDonald lab in 
ETH Zürich. I tested 8 isolates per formae speciales for a total of 32 isolates. I sequenced the 
confirmed effector BEC genes using the same primers as for the 20 isolates from NIAB and the 2 
isolates from Roger Wise. It was not possible to obtain a sequence for BEC1011, BEC1019 and 
BEC1061 in any the Swiss-French isolates including the barley powdery mildew (Table 3.3).  
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Table 3.3. Summary of the presence or absence of the BEC gene in the isolates coming from the UK and the isolates 
coming from the Swiss-French region. The BECs sequenced in this test were the effectors BEC1005, BEC1011, BEC1016, 
BEC1019, BEC1038, BEC1054 and BEC1061.  The template genomic DNA sequenced is from barley infected with B. graminis 
strains from the UK and the French region of Switzerland and wheat, rye and triticale infected with their respective formae 
speciales of Blumeria from Switzerland. A green cell indicates that the BEC gene was successfully sequenced in that set of 
isolates whereas a red cell indicates that the BEC gene was not successfully sequenced in that set of isolates. 
 
It was only possible to obtain a sequence for 28 of the 32 isolates tested when BEC1005 
was sequenced. The Swiss-French isolates contained many polymorphisms in BEC1005. 
Statistically significant (100% result when 100 replications of Bootstrap were performed) 
variation was found in 10 of the wheat, rye and triticale powdery mildews (Figure 3.5). The 
remaining 18 isolates from wheat, rye and triticale formae speciales did not have any statistically 
significant variation when compared to the DH14 barley powdery mildew isolate.  There was no 
statistically significant variation between BEC1005 in NIAB barley powdery mildew and the 
Swiss-French barley powdery mildew.  
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Figure 3.5. Dendrogram phylogenetic tree of BEC1005 sequences including the Swiss-French region isolates. Dendrogram 
was created with the program MEGA with sequences of BEC1005 in 20 isolates coming from the National Institute of 
Agricultural Botany (NIAB) in Cambridge, England, 2 isolates from our collaborator Roger Wise in Iowa State University and 28 
from the Swiss-French isolates (a sequence was not successfully obtained from 4 isolates). Red represents barley powdery 
mildew, green represents wheat powdery mildew, blue represents triticale powdery mildew and yellow represents rye powdery 
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mildew. Isolates from the UK are labeled UK, from the US are labeled US and from Switzerland are labeled CH. Bootstrap 
statistical analysis was done with 100 replications to determine statistical significance in branching. 
 
There were three substitutions in Swiss-French BEC1016, one was shared with the NIAB 
isolates, one was only found in the Swiss-French isolates and it was synonymous (G294A) and 
the other was also only found in the Swiss-French isolates and it was nonsynonymous (G307A). 
A dendrogram of BEC1016 with the NIAB, US and Swiss-French isolates showed that there is no 
statistically significant variation between the isolates (not shown here). There were no 
polymorphisms present in BEC1038 for the Swiss-French region. There were no substitutions in 
the Swiss-French isolates when BEC1054 was sequenced and compared to DH14. There was no 
statistically significant evidence of positive diversifying selection between any of the Swiss-
French isolates and the NIAB or US isolates. 
3.5 Discussion and Future Work 
3.5.1 Statistical significance of variation 
 
The BECs tested in this population genetics study were part of a list of 71 proteins 
identified exclusively in haustoria through a proteogenomics study (Bindschedler et al., 2011). Of 
these 71 proteins identified, 50 were screened in a silencing study which resulted in 8 virulence 
effectors based on their effects on haustorial development when silenced (Pliego et al. 2013). The 
13 genes tested in this study included 6 of the 8 virulence effectors resulting from the silencing 
study (BEC1005, BEC1011, BEC1016, BEC1019, BEC1038 and BEC1054) and 7 genes which 
did not give a statistically significant result from the silencing study. Although polymorphisms 
were observed in the genes tested, the variation was not statistically significant in any of the 
genes. 
There not being any variation between the NIAB, Roger Wise and Swiss-French isolates 
when BEC1016, BEC1038 and BEC1054 were sequenced suggests that these BECs are highly 
conserved in all formae speciales. BEC1054 is of high priority in the Spanu lab and this result 
from this population genetics study may be further investigated to gain more insight into the 
population genetics of BEC1054 specifically. Reasons for the “negative results” in the Swiss-
French isolates when BEC1011, BEC1019 and BEC1061 were amplified could be a) gene loss b) 
polymorphisms at primer sites or c) other technical unspecified reasons.  It is unlikely that (a) is 
the reason because BEC1019 for example has resulted in having significant BLAST hits to 
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homologs in other organisms. However, more experiments would be required to rule this 
possibility out.  
BEC1019 is conserved in a large number of ascomycetes and the most significant BLAST 
hits were to homologs in Sclerotinia sclerotiorum (e<10
-96
) and Botrytis cinerea (e<10
-93
) which 
identified a member of the M35-like metalloprotease superfamily (Pliego et al., 2013). Therefore 
the sequencing of BEC1019 in the Swiss-French isolates including the barley formae speciale 
being unsuccessful may be due to the primers being designed on non-conserved regions of the 
gene. Further investigation into BEC1019 with newly designed primers may open interesting 
avenues into the population genetics of this putative metalloprotease.   
BEC1005 appears to be homologous to β1,3-endoglycosidases of the CAZy (Cantarel et 
al., 2009) glyco_hydrolase 17 superfamily. The most significant BLAST hits for BEC1005 were 
to proteins predicted in Sclerotinia sclerotiorum and Botrytis cinerea (both e<10
-80
) as with 
BEC1019 (Pliego et al., 2013), and other genes encoding similar proteins in many filamentous 
ascomycete fungi and yeasts, but differs from the two β1,3-endoglycosidases found to be 
important in B. graminis pathogenicity in a previous study (Nowara et al., 2010).  
Diversifying selection has been found in cell-wall-degrading enzymes in Botrytis cinerea 
(polygalacturonases) (Rowe and Kliebenstein, 2007) and Mycosphaerella graminicola (β -
xylosidase) (Brunner et al., 2009). Both studies proposed that selection in these cell-wall-
degrading enzymes is an adaptation to different host species and escape from host recognition if 
the enzymes induce host defences and act as PAMPs (Stukenbrock and McDonald, 2009). The 
presence of many polymorphisms in BEC1005 is therefore not surprising and the lack of 
statistically significant evidence of positive diversifying selection may as with the other BECs be 
due to the sample size taken in this population study being too small.  
Another reason for the results obtained from this study may be due to the fact that the 
sample size tested was too small and that the number of polymorphisms identified for each gene 
was too low to give a statistically significant result. This study as a consequence, serves as 
preliminary work laying a solid foundation for a bigger population genetics study in the future 
with more isolates.  
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3.5.2 CSEPs and the ribonuclease-like superfamily 
 
 The sequencing of the genome of B. graminis isolate DH14 resulted in the annotation of 
248 CSEPs which includes the 71 proteins identified by Bindschedler et al. (2011) (Spanu et al., 
2010, Bindschedler et al., 2011). During the course of this population genetics study a further set 
of CSEPs were manually annotated and added to the list for a total of 491 proteins (Pedersen et 
al., 2012). The genes encoding these CSEPs constitute over 7% of the overall gene coding 
capacity of B. graminis and most were grouped in to 72 families of up to 59 members each 
(Pedersen et al., 2012). Pedersen et al., (2012) found two major types of effector families: one 
encoding shorter proteins (100-150 amino acids), with a high relative expression level in the 
haustoria and evidence of extensive diversifying selection between paralogs, the second made up 
of longer proteins (300-400 amino acids), with lower levels of differential expression and 
evidence of purifying selection between paralogs.  
The protein structures were predicted and an unexpected structural affinity to 
ribonucleases throughout the entire effector superfamily was found (Pedersen et al., 2012). 
BEC1054 has a predicted structure which is similar to ribonucleases and Pedersen et al. (2012) 
demonstrated that there is evidence of diversifying selection between BEC1054 and BEC1011 
because these genes are also CSEP0064 and CSEP0066 respectively and they are part of CSEP 
family 21, one of the families that was found to be subject to diversifying selection (Pedersen et 
al., 2012). The hypothesis proposed by the Pedersen et al. (2012) study is that these genes 
originated from an ancestral gene encoding a secreted ribonuclease that was duplicated 
successively by repetitive DNA-driven processes and diversified during the evolution of the grass 
and cereal powdery mildew lineage.  
 Powdery mildews including B. graminis have lost the repeat-induced point (RIP) 
mutation pathway and this may have allowed extensive amplification of transposable elements in 
the genome (Spanu et al., 2010). Pedersen et al. (2012) suggest that transposable elements have 
helped CSEPs to multiply and proliferate as described for the EKA (Effectors homologous to 
AvrK1 and AvrA10) effector gene candidates (Sacristán et al., 2009). If this is the case, the loss 
of the RIP-pathway and resulting retro-transposon driven genome expansion could have 
conferred selective advantage and facilitated evolution of powdery mildew fungi by potential 
proliferation of effector proteins (Pedersen et al., 2012).  
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The detection of pronounced diversifying selection in some CSEP families fits with the 
“Diversifying selection model”, described by Innan and Kondrashov (2010) that explains how 
gene families can evolve and result in new functions for the individual members (Innan and 
Kondrashov, 2010). It should be noted that that the study reported here is different from the 
Pedersen et al. (2012) study. The Pedersen et al. (2012) study investigated selection between 
paralogs over large time frames whereas this study investigated selection between genes within 
relatively micro-time frames.  
3.5.3 Diversifying selection in other pathosystems  
 
Rapid sequence diversification has been observed in effector genes and their products 
typically show high rates of amino acid polymorphisms, mainly nonsynonymous substitutions 
with evidence of positive diversifying selection (Allen et al., 2004; Liu et al., 2005; Rehmany et 
al., 2005; Win et al., 2007). A study of field populations of the pathogen Rhynchosporium secalis 
showed evidence of positive diversifying selection operating on the Nip1 locus (Schurch et al., 
2004).  
Positive diversifying selection usually does not usually act uniformly across the length of 
the protein. Characterization of individual oomycete RXLR effector genes in addition to genome-
wide analyses has shown that positive diversifying selection targets the C-terminal effector 
domain rather than the N-terminal secretion and host translocation regions (Allen et al., 2004, Liu 
et al., 2005a, Lu et al., 2005, Rehmany et al., 2005). Evolutionary analyses of effector genes in 
these oomycete genomes found accelerated patterns of birth and death evolution, and extensive 
gene loss and duplication was revealed (Haas et al., 2009, Jiang et al., 2008, Tyler et al., 2006, 
Win et al., 2007).  
BEC 1011 and BEC 1054 are about 76% identical at the nucleotide level and 48% at the 
amino acid level and are paralogous (Pliego et al. 2013). Future studies may clone all paralogs for 
each gene which is high priority and either focus on the copy that is of high interest or carry out 
functional analyses to see which copies are most important. The 500+ bp flanking regions of the 
BEC paralogs can be studied in future to see if regulatory proteins are specific for each copy. The 
copies of each gene may be studied to answer questions about their duplication and whether the 
genes are fragmenting in the same place or in a random region, the involvement of transposable 
elements and any other patterns that may be found in the Blumeria paralogs.  
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3.6 Conclusion 
 
This population genetics study revealed that variation is present in the BEC genes that 
were tested. These polymorphisms did not show statistically significant variation in the isolates 
over the past 40 years for the NIAB isolates or the US and Swiss-French isolates with the 
exception of BEC1005 and there was no evidence of statistically significant positive diversifying 
selection in any of the BECs.  
This relative lack of variation may due to the fact that the size of the population tested 
was too small to give a statistically significant result. This work forms the base for future work 
with a larger sample size. Future studies looking into the entire genome and not only focusing on 
effector genes may shed some light on other processes within Blumeria that may be affecting the 
effector genes other than the selection on the gene itself (Barrett et al., 2008).  
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Chapter 4: Expression profiling of BECs 
4.1 Introduction 
 
The polymerase chain reaction (PCR) is one of the most powerful tools in molecular 
biology. In quantitative real-time PCR (qRT-PCR) the amount of amplified PCR product is 
measured at each cycle. By using a fluorescent marker that is incorporated into the amplicon the 
increase in fluorescence is directly proportional to the number of DNA molecules generated 
during the reaction. The fluorescence plotted against cycle number provides an amplification plot 
representative of the accumulation of the amplicon during the PCR reaction in real-time (Bustin, 
2004). The qRT-PCR method has been used to create expression profiles of genes of interest in 
plant-pathogen interactions. 
Plants have evolved a complex regulatory mechanism to temporally and spatially 
manipulate responses to stresses caused by disease (Meng and Wise, 2012). Reprogramming of 
gene expression is crucial to the regulatory process of disease response (Chen et al., 2002, Singh 
et al., 2002). A significant portion of genomes is allocated to regulation of transcription. Over 5% 
of the Arabidopsis thaliana genome encodes more than 1,500 transcription factors (Riechmann et 
al., 2000). The growth of pathogens being limited by cell death at the surrounding infection site 
or basal defence is regulated by the deployment of this vast transcription factor network (Dangl, 
2007). 
 The pathogen counteracts the plant’s immune response by deploying a transcriptional 
program of among other proteins, effectors. During pathogenesis a germinated conidia develops 
an appressorium from which a haustorium is differentiated, a specialized infection structure that 
develops after host cell-wall penetration and invaginates the host plant plasma membrane. A 
functional haustorium is signified by the expansion of epiphytic hyphae, secondary haustoria and 
conidiophores that complete the asexual life cycle. The function of haustoria is believed to 
include the exportation of effector molecules (Panstruga and Dodds, 2009).  
Expression profiling of hemibiotrophic fungus Colletotrichum higginsianum candidate 
effector genes revealed four successive waves of expression during pathogen development 
(O'Connell et al., 2012, Kleemann et al., 2012). The first wave of effector candidate genes is 
induced in unpenetrated appressoria, the second in the early biotrophic phase, the third during 
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penetration and hyphae establishment and the fourth during the switch to necrotrophy (Kleemann 
et al., 2012).  
Rice blast fungus Magnaporthe oryzae effector AVR1 CO39 transcripts showed maximal 
expression 1-3 days after inoculation, during the biotrophic phase of infection (Ribot et al., 
2013). Two rice blast AVR-Pia alleles were also found to be expressed during the early 
biotrophic phase of infection in a separate study (Cesari et al., 2013). Immunogoldlabeling of flax 
rust Melampsora lini  AvrM-A did not reveal any labelling at 12 hpi (Rafiqi et al., 2010), a time 
point at which no rust haustoria were visible either. At 16 hpi haustoria were visible and at this 
stage AvrM-A was strongly labelled (Rafiqi et al., 2010).  
Studies of other filamentous pathogens including rust fungi (Duplessis et al., 2011b, 
Hacquard et al., 2012), and oomycetes (Schornack et al., 2009) found candidate gene expression 
occurs during two major time points associated with the penetration of the host epidermis at 
12hpi and the development of haustoria at 24hpi. Genes encoding small secreted proteins that 
could represent putative effectors of poplar leaf rust disease Melampsora larici-populina were 
found to be highly expressed from the 24 hpi time point onwards (Duplessis et al., 2011b). These 
studies revealed that effector genes are expressed by plant pathogens in consecutive waves 
throughout the infection development for successful invasion (Hacquard et al., 2013). 
Expression profiling of 22 defence genes in Arabidopsis revealed a peak in expression at 
6, 16 and 24hpi time points, in the absence of the RPP4 resistance protein-encoding gene (Wang 
et al., 2011). These time points coincide with the spore germination, penetration hyphae 
formation and primary haustoria establishment in the infection development of 
Hyaloperonospora arabidopsidis respectively (Wang et al., 2011). This study focuses on 
investigating the expression profiles of nine Blumeria effector candidates (BECs) including the 
eight BECs recently presented in the Pliego et al. (2013) paper (Pliego et al., 2013). The results 
described in this chapter were included in the Pliego et al. (2013) study.  
4.2 Aims 
 
The aim of this study is to analyse the expression pattern of BECs during a time course of 
the infection process. 
4.3 Objectives 
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I characterized the BECs by investigating their expression patterns at different points in 
the B. graminis infection using quantitative real-time PCR (qRT-PCR). The time points 
investigated are 0, 12, 24, 48, 72 and 120 hours post inoculation (hpi). Different time points in 
the infection correspond to specific stages in the formation of the infection structures. The lower 
epidermis of infected barley leaves were dissected at the 12, 24 and 48 hpi stages to increase the 
ratio between the signal of the fungal structures to the background signal of the abundant plant 
material.   
4.4 Results  
4.4.1 Defining the qRT-PCR method 
 
I carried out primer titrations to find the optimal primer concentration, included no template 
controls (NTC), generated standard curves to determine the efficiency of the reaction and melting 
curve analyses to ensure the lack of primer dimers. The normalizing gene used for this expression 
profiling analysis was β-tubulin (tub2) gene (GenBank: HM538443.1). Three normalizing genes 
were originally considered for this study: tubulin, NADH oxidoreductase and histone H3. The 
average of the threshold cycle values (Ct) was taken for each time point for each normalizing 
gene to check the difference between each gene (Appendix Figure 1). Since the three normalizing 
genes were the same at every time point with the exception of NADH oxidoreductase at the 48 
and 72 hpi time points due to financial constraints tubulin was chosen as the sole normalizing 
gene used for this study. Tubulin is one of the several members of a small family of globular 
proteins. The most well-known are α-tubulin and β-tubulin proteins that make up microtubules.  
 
The assays were analyzed using the comparative quantification algorithm which is also 
known as the ΔΔCt method (Livak and Schmittgen, 2001). Statistical tests used on these results 
are Levene’s statistic for homogeneity of variances, one-way ANOVA and posthoc tests such as 
the Tukey and Games-Howell tests depending on the homogeneity of variances. Normality was 
tested using the Kolmogorov-Smirnov test. All data was distributed normally. For the differences 
between the expression at each time point to be statistically significant the significance (p) value 
has to be lower than 0.05.  
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4.4.2 Expression profiling of the BECs during infection 
 
Eight BEC genes had a significant effect on haustorium formation when silenced in the 
host (Pliego et al., 2013). The expression level of these eight BECs genes and one BEC gene not 
resulting from the HIGS study was measured by qRT-PCR.  These BECs are BEC1005, 
BEC1011, BEC1016, BEC1018, BEC1019, BEC1038, BEC1040, and BEC1054 from HIGS study 
and BEC1061. RNA was extracted from a time-course represented by un-germinated conidia [0 
hours post inoculation (hpi)] and infected barley leaves 12, 24, 48, 72 and 120 hpi.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1. The development of Blumeria graminis f.sp. hordei during early stages of infection. A to F. The 
development of Blumeria graminis during the time points chosen for this expression profiling study. A. 
ungerminated conidia (0 hours post inoculation [hpi]), scale bar: 20um.Conidia suspended in 0.1% Tween-20 in 
water and imaged using conventional differential interference contrast microscopy. Image obtained from Pietro 
A 
B 
C 
D 
E 
F 
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Spanu’s image library. B. 12hpi showing appressorium (arrow), 50um scale bar. C. 24hpi with primary haustoria 
(arrow), 100um scale bar. D. 48 hpi with young but functional haustoria (arrow) scale bar: 40um. Infected leaf 
segment trypan blue stained and visualised using bright field microscopy. Image obtained from Pietro Spanu’s image 
library. E. 72hpi functional haustoria with elongating epiphytic hyphae, scale bar: 50um F. 120hpi fully formed 
colony with mature conidia (arrow) stemming from conidiophores, scale bar: 20um.Images B, C, E and F are 
author’s own and taken from infected leaf segments stained with trypan blue and visualised using bright field 
microscopy as described in the Materials and Methods. 
 
This time-course covers the main stages of initial infection and these are: formation of a 
functional appressorium (12 hpi, Fig. 4.1B), penetration and formation of the first haustorium (24 
hpi, Fig. 4.1C), establishment of fully functional haustoria and extension of epiphytic colonies on 
the surface of the epidermis (48 hpi, Fig. 4.1D), colony expansion (72 hpi, Fig. 4.1E) and the 
development of mature sporulating conidiophores (Fig. 4.1F). The specific transcript abundance 
was then calculated relative to the effector RNA in un-germinated conidia set arbitrarily at 1.0 
(Fig. 4.1A).  
The abundance of BEC1005 transcripts decreased to 0.45 when compared to the tub2 
control at 12hpi, increased 3-4 fold and stabilized at that level for 3 days and then decreased to 2 
fold by 120hpi (Figure 4.2). The 24hpi time point was significantly different from 12 hpi 
(p<0.01). The BEC1011 transcripts accumulated by 6-fold at 12 hpi and 120-fold in the first 24 
hours, a significant difference from all other time points (p<0.01), but decreased to conidial 
levels at about 20- to 10-fold thereafter. BEC1016 and BEC1018 RNA abundance increased 
quickly and reached a maximal level of 50-fold and 350-fold expression at 12 hpi respectively. 
The 12hpi time point is significantly different for BEC1016 to 24hpi (p<0.05), 48hpi (p<0.01), 
72hpi (p<0.05) and 120hpi (p<0.01). For BEC1018 12 hpi is significantly different from 48hpi 
(p<0.01) and from 72 and 120hpi (p<0.01). The expression level of these two genes remained 
relatively high for 3 days, and then decreased after 120hpi. The time point 120hpi was 
significantly different from all other points (p<0.01) for BEC1016. 
The expression profiles of BEC1019, BEC1038 and BEC1054 were very similar. The 
transcript accumulation increased and reached a maximum at 24 hpi (about 27-, 80- and 60-fold 
respectively) and then decreased gradually to conidial levels (BEC1019 and 1038) or to about 10-
fold (BEC1054) 5 days after inoculation. There was a statistically significant difference in 
expression of BEC1019 between 24 hpi and the other time points (12 hpi p<0.01; 48hpi, p< 0.01; 
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72 hpi, p<0.01; 120 hpi, p<0.01). The statistically significant difference in BEC1038 and 
BEC1054 transcript abundance is also found between 24 hpi and the other time points (p<0.01; 
48hpi, p<0.01 for BEC1038).  
 
 
Figure 4.2. Expression levels of Blumeria graminis f.sp. hordei effector candidate (BEC) during a time course infection of 
Blumeria on barley leaves. The infection stages surveyed in this analysis are ungerminated conidia, 0 hours post inoculation 
(hpi), and 12, 14, 48, 72 and 120 hpi on barley leaves. Reverse transcription quantitative polymerase chain reaction expression 
levels were normalized with β-tubulin gene (GenBank: HM538443.1).  The normalized values are expressed relative to those of 
transcript in ungerminated conidia. Error bars are standard deviation of three independent biological replicates.  
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BEC1040 expression was moderate compared to the other BECs. The BEC1040 RNA 
increased about 4 fold by 12hpi, decreased to levels close to those in conidia by 48 hpi and then 
increased again. There was no significant difference in transcript abundance between any of the 
time points for BEC1040. BEC1061 transcript abundance is low in the early time points and then 
accumulates to 11-fold at 72hpi after which it drops down to 5-fold at 120hpi. The time point 
72hpi is significantly different from other time points for BEC1061 (p<0.01, p<0.01 for 120hpi). 
The output tables of the posthoc tests for all BECs assayed can be found in the appendix. 
4.5 Discussion  
 
The expression profiles of the nine BECs tested show that all effectors were upregulated 
relative to the B. graminis β-tubulin during the development of the infection. Four distinct trends 
were observed for the nine BECs assayed. The most common, observed with BEC1011, 
BEC1019, BEC1038 and BEC1054 showed a significant maximum at 24 hpi, which immediately 
precedes formation of the first mature haustoria. This suggests that the role played by these 
effectors may be most important in the earliest stages of penetration. The second trend, observed 
with BEC1016 and BEC1018 was characterized by a dramatic early increase, and a sustained up 
regulation throughout the time course.  This early response may be indicative of a role in primary 
germ tube formation, that is before actual cell penetration (Hoefle and Huckelhoven, 2008).  
The sustained high levels of expression hint to an important function also at later stages of 
colony development, perhaps during formation of secondary haustoria. The HIGS assay used in 
the Pliego et al. (2013) study cannot discriminate this possibility (Pliego et al., 2013). A third 
pattern, that of BEC1005 expression, showed an increase only after 12 hpi, suggesting a role in 
later development of the infection and/or haustoria. The final trend observed was for BEC1040 
and BEC1061, which showed a moderate increase relative to ungerminated spores at all stages of 
fungal development and peak expression at later staged of the infection, 120hpi and 72hpi 
respectively.  
Across all four patterns, the common increase in the eight BECs effector RNA 
accumulation during the overall time course is consistent with the observed reduction in HI 
resulting from HIGS: silencing of the effectors between 0-24 hpi is likely to have the greatest 
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impact if increased effector RNA transcript is necessary at this stage (Pliego et al., 2013). 
BEC1061 is not one of the eight BECs resulting from the HIGS study and the transcript 
abundance for this BEC is highest at 72hpi inferring an important role at later stages of colony 
development.  
It was shown in expression profiles of CSEP transcripts that most are not or are minimally 
expressed in germinating conidia, and the major accumulation of transcripts is during or after 
host cell entry. These findings coincide with the time points between 12 and 24hpi and 
corroborate with the results found here for BEC1011 and BEC1054 that are also CSEP0066 and 
CSEP0064 respectively (Hacquard et al., 2013). These results support a key role of CSEP 
effector genes during early pathogenesis (Hacquard et al., 2013). The transcript profiles of CSEP-
encoding genes revealed two major time points of expression associated with the penetration of 
the host epidermis at 12hpi and the development of haustoria at 24hpi (Hacquard et al., 2013).  
A similar pattern has been described for candidate effector genes of other filamentous 
pathogens, including rust fungi (Duplessis et al., 2011b, Hacquard et al., 2012), Colletotrichum 
fungi (O'Connell et al., 2012, Kleemann et al., 2012) and oomycetes (Schornack et al., 2009). 
These observations suggest that different sets of effector proteins are sequentially secreted by 
plant pathogens for successful invasion (Hacquard et al., 2013).  
The maximum expression of rice blast fungus Magnaporthe oryzae effector AVR1 CO39 
transcripts in all cases tested occurred during the biotrophic phase of infection, 1-3 days after 
inoculation (Ribot et al., 2013). Similarly, two rice blast AVR-Pia alleles were also found to be 
expressed during the early biotrophic phase of infection (Cesari et al., 2013). In work done on 
flax rust Melampsora lini, no labelling of AvrM-A was observed at 12 hpi (Rafiqi et al., 2010). 
At 12 hpi no rust haustoria were visible either. At 16 hpi haustoria were visible and at this stage 
AvrM-A was strongly labelled using immunogoldlabeling (Rafiqi et al., 2010).  
The expression patterns of the 22 defence genes in Arabidopsis revealed that without 
RPP4 resistance protein-encoding gene, the expression of the defence genes peaked at 6, 16 and 
24hpi time points which coincide with the spore germination, penetration hyphae formation and 
primary haustoria establishment in the infection development of Hyaloperonospora 
arabidopsidis respectively (Wang et al., 2011).  
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These findings provide evidence that BECs are upregulated during the course of the B. 
graminis infection and support the role of BEC1011 and BEC1054 (CSEP effector genes 
CSEP0066 and CSEP0064) during the early stages of pathogenesis. A profile with peak 
expression in the later stages of the infection were observed in BEC1040 and BEC1061, revealing 
that some BECs are important in the early stages and other BECs in the later stages of the 
infection development. 
4.6 Conclusion 
 
 Expression profiles of the nine BECs in this study were successfully produced and 
revealed that some BECs have a role in the early stages of the infection process whereas other 
BECs are important for later stages of the infection.  
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Chapter 5: The interaction of BEC1054 with RNA 
5.1 Introduction 
 
 The sequencing of the B. graminis genome opened the doors to a large scale 
proteogenomic analysis that led to the identification of 71 proteins exclusively found in haustoria 
(Bindschedler et al., 2011). Of these 71 proteins, 50 were screened using HIGS and eight proteins 
were revealed to contribute to infection (Pliego et al., 2013). BEC1054 is one of these eight 
proteins; it shows similarity to microbial secreted ribonucleases and structural modelling shows 
that it adopts a ribonuclease-like fold (Pliego et al., 2013).  
BEC1054 is in a gene superfamily with BEC1011 and is part of a group of proteins called 
CSEPs (Pedersen et al., 2012). BEC1054 is also called CSEP0064 and BEC1011 is CSEP0066 
and they are in CSEP family 21. The HIGS constructs for BEC1011 and BEC1054 each resulted 
in a 60-70% decrease in infection development which was the greatest effect out of the eight 
BECs (Pliego et al., 2013). The key active site for ribonuclease activity (Nishikawa et al., 1987) 
is not conserved in either BEC1011 or BEC1054 suggesting that these proteins are not functional 
ribonucleases (Pedersen et al., 2012).  Therefore it has been proposed that the roles of BEC1054 
and BEC1011 in infection are related to host RNA binding or another function that evolved from 
a ribonuclease ancestor (Pliego et al., 2013).  
5.1.1 A proposed model for the function of BEC1054  
 
A proposed model shown in Figure 5.1 for the function of BEC1054 and its paralog 
BEC1011 involves ribosome-inactivating proteins (RIPs). JIP60 (jasmonate induced protein 60) 
is a methyl jasmonate-induced RIP in barley that cleaves polysomes into their ribosomal subunits 
(Reinbothe et al., 1994). JIP60 attacks foreign and self-ribosomes and seems to be involved in 
defence and regulation of protein synthesis in stressed plant tissues. JIP60 is structurally similar 
to ribotoxins that probably have evolved from an ancestral RNase similar to RNase T1. 
BEC1054, BEC1011 and all the other CSEPs in the ribonuclease-like superfamily may have 
derived from the same ancestral gene.  
The most conserved domain in BEC1054 when modelled relative to alpha-sarcin is most 
similar to alpha-sarcin, one of the well-studied ribotoxins that is involved in interaction with 
ribosome sarcin-ricin loop (SRL) and leads to ribosome inactivation (Hartley et al., 1996). The 
model proposes that BEC1054 is inhibiting ribosome-inactivating proteins such as JIP60 from 
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inactivating the ribosome and activating immunity in the barley host. The maintenance of regular 
protein synthesis by BEC1054 would modulate and suppress host immunity. Once the barley 
defence system has recognised that BEC1054 is interfering with the inactivation of ribosomes 
and activation of immunity, a barley resistance protein, marked in figure 1 with a question mark, 
would inhibit BEC1054. The paralogs BEC1011 of BEC1054 may have then evolved through 
diversifying selection to continue inhibiting RIPs and the arms race between the host and 
pathogen.  
 
 
Figure 5.1. Proposed model of function of BEC1011 and its paralog BEC1054. BEC1054 competes with ribosome-
inactivating proteins (RIP) and prevents the cleaving of polysomes into ribosomal subunits by binding the sarcin-ricin loop (SRL) 
on the 28S ribosomalRNA (not shown in figure). By blocking RIPs, BEC1054 maintains the synthesis of proteins active.  Active 
protein synthesis prevents induction of programmed cell death and the hypersensitive response against the infection. The plant 
may have evolved a resistance protein (marked with a question mark) that is able to detect BEC1054 and as a response the paralog 
BEC1011 evolved through gene duplication to continue inhibiting the RIP.  
 
It is now becoming increasingly important for research to focus on gaining a deeper 
understanding of the interactors of effector proteins. More often than not if you think about a 
protein, it is in a protein complex and it is for this reason that protein interactomes- maps of 
protein interactions- are becoming the fuel for system biology research (Baker, 2012). One 
strategy to building these protein interactomes is to start around focused questions. Proteins may 
 
 
 
  BEC1054 BEC1011 
RIP 
rRNA 
? 
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interact with other proteins and they may also interact with RNA. This study presented here 
intended to further investigate whether BEC1054 binds RNA using the differential scanning 
fluorimetry method. 
5.1.2 Differential scanning fluorimetry 
 
The thermodynamic stability of a protein is related to the Gibbs free energy of unfolding 
of a protein (denoted by ΔGu). For proteins that follow a simple two-state mechanism with 
unfolding and rapid refolding, in a reversible manner, the ΔGu is defined as the difference in 
Gibbs free energy, G, between the folded and the unfolded states (Reiss, 1965). As the ΔGu 
increases, the protein stability increases. The Gibbs free energy is made up of enthalpy and 
entropy and as the temperature increases, the increase in entropy leads to a decrease in the free 
energy of unfolding (Perrot, 1998). Therefore, at a certain temperature range protein stability is 
inversely related to temperature (Pace et al., 1989). As the temperature increases, the ΔGu 
decreases and becomes zero at equilibrium, which is the melting point (Tm) where there is an 
equal proportion of folded to unfolded protein. Proteins that are most stable are in conditions 
where the Tm is highest. 
Ligands is one of the several factors that influence the stability of a protein and tests 
historically used to investigate protein stability include differential scanning calorimetry, circular 
dichroism and nuclear magnetic resonance (Plotnikov et al., 2002, Pace et al., 1989, Pelton and 
McLean, 2000). Differential scanning fluorimetry is a high throughput method, it is also known 
as protein stability shift assay, thermal shift assay or ThermoFluor (Lo et al., 2004, Ericsson et 
al., 2006, Vedadi et al., 2006).    
Differential scanning fluorimetry (DSF) is a rapid method for testing protein stability and 
identifying ligands that bind purified proteins (Senisterra and Finerty, 2009). A fluorescent dye 
with affinity for hydrophobic parts of the protein is used to measure the temperature at which a 
protein unfolds by measuring the increase in fluorescence (Niesen et al., 2007). SYPRO Orange 
fluorescence is quenched in an aqueous environment. As the temperature rises and the protein 
unfolds, hydrophobic core regions are exposed that SYPRO Orange is able to bind to and become 
unquenched. The fluorescence is plotted against temperature and the midpoint of the protein 
unfolding is defined at the Tm (Niesen et al., 2007). The real-time polymerase chain reaction 
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(RT-PCR) machine is used for DSF tests as it is able to control temperature and detect 
fluorescence (Lo et al., 2004).   
The Tm of the unfolding protein is calculated and the temperature at this midpoint is 
compared to the midpoint temperature of the protein when a ligand is present. The difference in 
midpoint temperature is related to the binding affinity of ligand and therefore can be used to 
show that binding is occurring (Vedadi et al., 2006, Senisterra et al., 2006). The free energy 
contribution of ligand binding leads to an increase in ΔGu, usually causing an increase in Tm.   
The thermodynamic model for estimating binding constants is based on protein studies 
that used differential scanning calorimetry (Brandts and Lin, 1990). These studies are based on 
the observation that ligands cause a shift in the protein Tm and therefore protein thermal stability 
by binding to the protein in its native state. However, some ligands bind primarily to the proteins 
in the unfolded state. Ligands that bind primarily to the unfolded state of the protein cause a 
destabilization of the protein and reduction in the protein melting temperature (Matulis et al., 
2005). Cimmperman et al. (2008) presented a model that takes into account ligand binding to the 
unfolded state of the protein and developed a quantitative description of protein destabilization by 
ligands (Cimmperman et al., 2008). 
DSF is a valuable method that in the last decade has found its application in identification 
of stabilizing buffer conditions, optimal crystallization parameters or ligands, determination of 
binding constants and protein-protein complexes (Lo et al., 2004, Vedadi et al., 2006, Ericsson et 
al., 2006, Niesen et al., 2007, Crowther et al., 2009, Yeh et al., 2006, Sorrell et al., 2010, Matulis 
et al., 2005, Kopec and Schneider, 2011, Senisterra et al., 2012). This method is used widely in 
developing drug candidates in pharmaceutical research but can also be applied to plant pathology 
and the study of effector targets. This method was used to find evidence that BEC1054 binds 
RNA.  
5.2 Aims 
 
 The aim of this study was to further investigate BEC1054. To gain further insight into this 
effector protein, I tested: 
1. Whether BEC1054 protein could be detected and visualised in infected barley tissue. 
2. At what time point in the infection BEC1054 can be detected. 
3. Whether BEC1054 binds to RNA. 
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5.3 Objectives 
 
 The objectives in this study were: 
1. To use western blotting to determine whether BEC1054 protein can be detected in 
infected barley tissue and at what time point in the infection.  
2. To use the differential scanning fluorimetry (DSF) method to determine whether 
BEC1054 binds RNA. DSF was performed using a real-time PCR instrument. The 
fluorescent dye used was SYPRO Orange.  
 5.4 Results 
 
A western blot of a dilution series of recombinant BEC1054 was performed to determine the 
sensitivity of the detection of BEC1054 signal (Figure 5.2). The quantities of recombinant 
BEC1054 were 360 ng, 18 ng, 1.8 ng, 180 pg and 18 pg. The detection level of BEC1054 is 
sensitive enough to detect 18 pg of protein. The expected size of recombinant BEC1054 is 13.22 
kDa. From this dilution series it was decided that future western blots would include 1 ng 
recombinant BEC1054 as a positive control because at this concentration the signal is not 
saturated and it is a clear band. 
 
 
Figure 5.2. Western blot of recombinant BEC1054 protein. Recombinant BEC1054 was loaded in a dilution series and 
separated by SDS/polyacrylamide gel electrophoresis and then subjected to Western blotting with α-BEC1054 primary antibody 
as described in the Materials and Methods. Protein preparations were as follows: 1, 360 ng; 2, 18 ng; 3, 1.8 ng; 4, 180 pg; 5, 18 
pg. Molecular mass is indicated in kilodaltons (kDa). The calculated size of recombinant BEC1054 is 13 kDa. The expected 
protein size of recombinant BEC1054 is 13.22 kDa. 
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5.4.1 Detection of BEC1054 in a B. graminis infection time course 
 
 
Figure 5.3. Western blot with proteins from barley epidermal peels and leaves infected with Blumeria graminis f.sp. hordei 
at different time points in the course of the infection. Proteins extracted were first separated by SDS/polyacrylamide gel 
electrophoresis (A) and then subjected to Western blotting with α-BEC1054 primary antibody (B) as described in the Materials 
and Methods. Protein preparations were as follows: 1, uninfected leaves negative control; 2, 24 hours post inoculation (hpi) 
infected epidermal peels; 3, 48 hpi infected epidermal peels; 4, 72 hpi infected epidermal peels; 5, 9 dpi infected leaves; 6, 
recombinant BEC1054 (1 ng) ; 7, 9 dpi infected barley leaves (50ug). In all lanes except 6 and 7 12.5 ug of protein sample were 
loaded. An unidentified band at the expected size of 33 kDa is shown by the asterisk (*). 
 
 To determine at what time point in an infection time course BEC1054 would be detected 
a western blot of proteins extracted from B. graminis infected epidermal peels and whole leaves 
was carried out. The time course was performed with the chosen time points: 24 hours post 
inoculation (hpi), 48hpi, 72 hpi (or 3 days post inoculation-dpi) and 9dpi. The BEC1054 protein 
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was detected in barley leaves infected with B. graminis at the 9 dpi time point (Figure 5.3). The 
expected size of BEC1054 is 10.7 kDa.  
 
 
Figure 5.4. Western blot with proteins from barley leaves infected with Blumeria graminis f.sp. hordei at different time 
points in the course of the infection. Proteins extracted were first separated by SDS/polyacrylamide gel electrophoresis (A) and 
then subjected to Western blotting with α-BEC1054 primary antibody (B) as described in the Materials and Methods. Protein 
preparations were as follows: 1, uninfected leaves negative control; 2, 3 days post inoculation (dpi) infected leaves; 3, 5 dpi 
infected leaves; 4, 9 dpi infected leaves; 5, recombinant BEC1054 positive control (1ng). In all lanes except lane 5, 175 ug of 
protein sample were loaded. An unidentified band at the expected size of 33 kDa is shown by the asterisk (*). 
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The time points with 24 hpi, 48 hpi and 72 hpi were performed with protein extracted 
from epidermal peels because at these time points the infection is not widespread and the lower 
epidermis was peeled to increase the signal of fungal proteins against plant proteins. Figure 5.4B 
shows a western blot of proteins extracted from whole leaves infected with B. graminis at the 
time points 3, 5 and 9 dpi. It can be seen that BEC1054 can be detected at the 9 dpi time point in 
Figure 5.4B as well.  
Proteins from barley leaves infected with B. graminis at the 9dpi stage show the signal of 
wild-type BEC1054 (10.7 kDa) and another protein corresponding to just below the 35 kDa 
protein marker (Figure 5.3, lane 7 and Figure 5.4, lane 4; shown in both figures with an asterisk) 
that is not present in uninfected plant material extracted with the same buffer (Figure 5.3 and 5.4, 
lane 1 in both). The protein marker bands and the distance they ran from the top of the gel was 
plotted on a graph and used to determine that the band of interest is the apparent molecular 
weight of 33 kDa based on the distance it ran down from the top of the gel (Figure 5.5). This 
signal picked up by the α-BEC1054 primary antibody may be a protein complex formed by 
BEC1054 and its plant protein targets or BEC1054 in its native conditions as a multimer. 
 
 
Figure 5.5. Graph of distance proteins run down SDS/Polyacrylamide gel against apparent molecular weight (kDa). The 
distance the protein marker bands ran down the SDS/Polyacrylamide gel (measured in mm) was measured and plotted against 
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their apparent molecular weight (KDa). This graph was used to determine the apparent molecular weight of the unidentified band 
in western blots shown in Figures 5.3 and 5.4. 
 
Figure 5.6. Western blot with proteins from barley leaves infected with Blumeria graminis f.sp. hordei 9 days post 
inoculation (dpi) extracted with a standard extraction buffer and with a denaturing buffer. Details of components of 
extraction buffers can be found in Materials and Methods. Proteins extracted were first separated by SDS/polyacrylamide gel 
electrophoresis (A) and then subjected to Western blotting with α-BEC1054 primary antibody (B) as described in the Materials 
and Methods. Protein preparations were as follows: i, 9 dpi infected barley leaves extracted with standard buffer (50ug); ii, 9 dpi 
infected barley leaves extracted with denaturing buffer (50 ug). 1 and 2 denotes that these are biological duplicates with proteins 
extracted from different leaves and with freshly made buffers.  
   
To test whether the signal of the 33 kDa protein is a native complex of BEC1054, proteins 
from barley leaves infected with B. graminis at the 9 dpi stage were extracted with a denaturing 
buffer in parallel with the standard extraction buffer previously used (Figure 5.6). The test was 
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repeated a second time with completely new infected barley leaves. When compared to the 
proteins extracted with the standard buffer (Figure 5.6, lanes i), there is a reduced signal or 
completely missing signal of the 33 kDa protein in material extracted with the denaturing buffer 
(Figure 5.6, lanes ii).  
A cross-linking experiment was carried out with formaldehyde to attempt to lose the wild-
type band at 11 kDa and see a more intense band at the 33 kDa level. However the cross-linking 
assay was not successful. 
5.4.2 Differential scanning fluorimetry of BEC1054 and RNA 
 
 The ribonuclease active site is not conserved in BEC1054 leading to a conclusion that it 
probably does not still have ribonucleic function but may still bind RNA. In the lab we did not 
manage to detect any RNase activity in the recombinant BEC1054 (Kwon, unpublished). DSF 
was performed to determine whether BEC1054 interacts with RNA. The DSF was loaded with 
total RNA as a preliminary attempt to see whether there was any binding. Once a thermal shift 
was seen, a titration of RNA with BEC1054 was tested (Figure 5.7). 
 
Figure 5.7. DSF melting curves of purified recombinant BEC1054 with a titration of total RNA. The assay was carried out 
using differential scanning fluorimetry. The samples loaded were purified recombinant BEC1054 and total RNA at the following 
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concentrations: 5 ug, 1.6 ug and 0.5 ug. Negative controls samples were with total RNA alone and recombinant BEC1054 alone. 
The samples alone were loaded with water containing diethylpyrocarbonate. 
 
 The DSF melting curve of BEC1054 (Figure 5.7) shows a melting point temperature (Tm) 
of 63° C. The Tm of total RNA is 82° C. The Tm of BEC1054 assayed with total RNA (Figure 
5.7) at the 5ug and 1.6ug concentrations is 43° C and at the 0.5ug concentration it is 39° C. The 
temperature is lowered by about 20° C when total RNA is added to BEC1054. This shift to a 
lower temperature indicates that total RNA has a destabilising effect on BEC1054. 
Sarcin-ricin loop (SRL) RNA was synthesized to test whether BEC1054 would bind to a 
specific ribosomal RNA sequence that is the target of the famous RIP ricin. Endo et al. (1991) 
defined the sequence for the rat SRL RNA and it was synthesized and used in these experiments.   
 
Figure 5.8. DSF melting curves of purified recombinant BEC1054 protein with a titration of rat SRL RNA. The assay was 
carried out using differential scanning fluorimetry. The samples loaded were purified recombinant BEC1054 and rat SRL RNA as 
the one in Endo et al. (1991) at the following concentrations: 20 uM, 6 uM, 2 uM, 600 nM, 200 nM, 60 nM, 20 nM and 6 nM. 
Negative controls samples were with rat SRL RNA alone and recombinant BEC1054 alone. The samples alone were loaded with 
diethylpyrocarbonate water. 
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SRL RNA at the concentrations 20 uM, 6 uM and 2 uM was added to BEC1054 and 
tested. The Tm of BEC1054 when tested with any of the three concentrations mentioned was 48° 
C. The concentrations 6 nM, 20 nM, 60 nM, and 200 nM rat SRL RNA were then tested with 
BEC1054 and the Tm was the same as for BEC1054 with no ligand at 63°C (Figure 5.8).  The 
concentration 600 nM of rat SRL RNA was loaded with BEC1054 and the melting point lowered 
to 48° C (Figure 5.8). SYPRO Orange does not interact with RNA so as expected there is no 
curve for SRL RNA (Figure 5.8) alone but there is a curve for total RNA suggesting protein 
contamination was present in the total RNA sample. 
5.5 Discussion  
 
 The work presented in this study provides direct evidence that BEC1054 can be detected 
at the 9dpi stage of the B. graminis infection and that BEC1054 interacts with RNA. The western 
blot showing a dilution series of BEC1054 shows that it is possible to detect BEC1054 protein at 
picogram concentrations. The original identification of BEC1054 by liquid chromatography 
tandem mass spectrometry  (LC MS/MS) (Bindschedler et al., 2011), a method that requires a 
minimum of 50 fmol protein to be submitted for protein identification (for BEC1054 that is 
expected to be a 10.7 kDa protein that corresponds to 0.5 ng), coupled with the expression 
profiling results (Expression profiling chapter and published in Pliego et al., 2013) created the 
basis for the hypothesis that BEC1054 would be an abundant protein. The transcript 
accumulation of BEC1054 increases at 24 hpi by about 60-fold inferring that there is an 
abundance of BEC1054 protein being encoded (Expression profiling chapter and Pliego et al., 
2013). However, since the abundance of RNA is not necessarily an indicator of the abundance of 
protein western blotting was carried out to determine whether BEC1054 protein could be 
abundant enough to be visualised. The results show that BEC1054 can be detected at 9 dpi. 
5.5.1 Denaturing conditions in disrupting potential BEC1054 complex 
 
In western blots of proteins extracted from whole leaves infected 9 dpi in addition to 
BEC1054 a band could be visualised that was estimated to be 33 kDa (Figure 2B, shown by an 
asterisk). The presence of this 33 kDa in western blots led to the hypothesis that it may be a 
BEC1054 multimer or protein complex. The protein sample buffer used in this lab is an 
Invitrogen sample buffer containing 500mM DTT. The DTT present in the Invitrogen sample 
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buffer proved to not fully break intramolecular and intermolecular disulfide bonds so I adapted 
the protein extraction buffer to contain more denaturing components compared to the standard 
protein extraction buffer previously used.  
The denaturing protein extraction buffer included urea, thiourea and DTT. The recipe for 
this buffer is taken from Bindschedler, L.V. et al (2011). When this denaturing buffer is used to 
extract barley leaves infected with B. graminis at the 9 dpi stage, the 33 kDa protein signal is 
reduced or completely missing. This shows that the 33 kDa protein may be a native complex that 
includes BEC1054 that can be broken up when subjected to denaturing conditions. This finding 
will aid in the future understanding and modelling of BEC1054 interactions. 
5.5.2 Thermal destabilization of BEC1054 by RNA 
 
The DSF method was designed using the publication by Niesen et al. (2007). RNA seems 
to have a destabilising effect on BEC1054. There are documented cases of ligands that destabilize 
proteins and reduce the protein melting temperature (Cimmperman et al., 2008). Drug discovery 
investigations including the study targeting the interaction between the tumour suppressor 
BRCA2 and the recombinant enzyme RAD51 found that certain mutated fragments of the 
enzyme RAD51 denatured the protein and caused a lowering of temperature in the thermal shift 
(Scott et al., 2013). Ligands destabilize proteins by binding primarily to them in their unfolded 
state. The protein may also be misfolded or in a partially folded form. Another recent study found 
that low pH can have a destabilizing effect on the protein thermal shift as was found in the 
development of therapeutic monoclonal antibody formulations (Menzen and Friess, 2013).  
The study carried out by Cimmperman et al. (2008) created a model for stabilising and 
destabilising thermal shifts and they showed that zinc destabilized recombinant porcine growth 
hormone by decreasing the melting temperature by approximately 10° C (Cimmperman et al., 
2008). The rat SRL RNA was synthesized using the same template as in Endo et al. (1991) and 
cited in a later review by Hartley et al. (1996) (Endo et al., 1991, Hartley et al., 1996). Future 
work would need to determine whether this interaction is sequence-specific or whether BEC1054 
binds to any SRL RNA. Current work in our lab has not detected any sequence-specific 
interaction between BEC1054 and other synthesized fragments of SRL RNA.    
 
 
96 
 
5.6 Future work 
 
There are many methods available for identifying the interactors of effector proteins. In 
vivo cross-linking was attempted using formaldehyde but was not successful as there was no 
detection of a different banding pattern compared to protein extracts that had not been subjected 
to cross-linking. Protein-RNA interactions can be identified in living cells using the cross-linking 
followed by co-immunoprecipitation (CLIP) method (Ule et al., 2005). The CLIP method was 
applied to find that the Ustilago maydis Rrm4 protein, essential for polarity in infectious 
filaments, binds RNA (Becht et al., 2006). Future work should improve on this method and aim 
to develop the CLIP method for BEC1054-RNA interactions. 
The yeast two-hybrid method was used to indicate that B. graminis CSEP0055 interacts 
with barley pathogenesis related protein PR17c. This interaction was confirmed by bimolecular 
fluorescence complementation (BiFC) assays (Zhang et al., 2012). Yeast two-hybrid, co-
immunoprecipitation and fluorescence resonance energy transfer-fluorescence lifetime imaging 
assays were the method used by Cesari et al. (2013) to show that rice (Oryza sativa) protein 
RGA5 interacts directly with both AVR1-CO39 and AVR-Pia Magnaporthe oryzae effectors. 
The benefit of using fluorescent resonance energy transfer or bioluminescent resonance energy 
transfer is that they imaging techniques that can be used in living cells (Baker, 2012).  
5.7 Conclusion 
 
 BEC1054 can be detected at picogram concentrations using western blotting and the wild-
type BEC1054 protein becomes visible on a blot at the 9dpi infection stage of B. graminis. The 
DSF method was used to investigate binding between BEC1054 and RNA and this study has 
shown that BEC1054 binds total RNA and rat SRL RNA. The DSF melting curves show that 
RNA binding to BEC1054 causes a destabilising effect on BEC1054. A destabilizing effect by a 
ligand on a protein is exemplified by a lowering of the protein melting point temperature. In the 
case of BEC1054, RNA lowers the Tm by about 20°C.  
  
97 
 
Chapter 6: Expression of the Blumeria effectors BEC1011 and 
BEC1054 as transgenes in wheat 
6.1 Introduction 
 
  HIGS (Nowara et al., 2010) was used to confirm that BEC1011 and BEC1054 were 
among the candidates that had a significant effect on virulence (Pliego et al., 2013). In the study 
by Pliego et al. (2013), HIGS was achieved by particle bombardment of epidermal cells to 
transiently express constructs encoding hair-pin RNAs corresponding to the B. graminis 
candidate effectors transcripts. The epidermis was then infected with B. graminis and the 
frequency of full haustorial development relative to empty-vector controls was measured (Pliego 
et al., 2013). The precise mechanism of HIGS is not yet understood (Nunes and Dean, 2012).  
The silencing of paralogs BEC1011 and BEC1054 using the HIGS constructs each 
resulted in a 60-70% decrease in haustorial development, the greatest effect on disease 
development out of the candidate effectors (Pliego et al., 2013). To confirm that silencing of 
BEC1011 and BEC1054 resulted in this decrease in haustorial development and not any other 
gene, the synthesis of BEC1011 and BEC1054 clones with silent mutations (named “wobble”) 
was used to generate proteins with the same codon usage but that would be insensitive to the 
corresponding silencing constructs. The BEC1011 and BEC1054 sequences are 74% similar to 
each other. This similarity was reduced across the length of the genes to create the BEC1011- and 
BEC1054-wobble sequences which are far less likely to be “cross”-silenced. The BEC1011- and 
BEC1054-wobble sequences are 61% and 67% identical to the original BEC1011 and BEC1054 
sequences respectively (Pliego et al., 2013). When co-bombardment with the RNAi silencing 
plasmids was done with the BEC1011 and BEC1054 wobble constructs, the possibility of 
haustoria formation were not significantly different from the controls, indicating that the lost 
function of the silenced BECs was reacquired by the wobble constructs (Pliego et al., 2013).  
This study aims to examine the virulence effects of transforming wheat with B. graminis 
effector proteins BEC1011 and BEC1054. These BEC1011- and BEC1054-wobble sequences 
were used in the Agrobacterium-mediated transformation of Fielder variety wheat (Triticum 
aestivum) at the National Institute of Agricultural Botany (NIAB) in Cambridge. The rice actin 
promoter was used for constitutive expression of the BECs in wheat (Figure 6.1). A total of 107 
transgenic wheat lines were created for investigation. This study focused on commencing and 
establishing the genotyping process of these transgenic wheat lines and selecting lines for 
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preliminary pathogenicity tests. There are a relatively low number of studies in the literature that 
have included transgenic plants due to the high cost of their production. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
pEW236 (BEC1011) T-DNA
6135 bp
nptII
BEC1011 CDS (signal peptide remov ed)
Actin intron
FAD2 intron Right BorderLeft Border
pActin (rice)
Sc4 promoter
RBS
Nos term
Nos term
attB1  (5379)
attB2 (5758)
pEW237 (BEC1011SP) T-DNA
6208 bp
BEC1011 CDS
nptII
Actin intron
FAD2 intron Right BorderLeft Border
extra nt inserted after sequencing construct
pActin (rice)
Sc4 promoter
RBS
Nos term
Nos term
Signal Peptide
attB1 (5379)
attB2 (5831)
pEW238 (BEC1054) T-DNA
6136 bp
nptII
BEC 1054 (signal peptide remov ed)
Actin intron
FAD2 intron Right BorderLeft Border
pActin (rice)
Sc4 promoter
RBS
Nos term
Nos term
attB1  (5379)
attB2 (5759)
pEW239 (BEC1054SP) T-DNA
6204 bp
nptII
Actin intron
FAD2 intron
BEC 1054 CDS
Right BorderLeft Border
extra nt inserted after sequencing construct
pActin (rice)
Sc4 promoter
RBS
Nos term
Nos term
Signal Peptide
attB1  (5379)
attB2 (5827)
99 
 
Figure 6.1. Maps of BEC-wobble T-DNAs that were inserted into the wheat. The National Institute of Agricultural Botany 
(NIAB) in Cambridge transformed Fielder variety wheat with BEC1011- and BEC1054-wobble transgenes. The maps of the T-
DNAs are BEC1011-wobble without signal peptide, BEC1011-wobble with signal peptide, BEC1054-wobble without signal 
peptide and BEC1054-wobble with signal peptide. The rice actin promoter was used  for constitutive expression of the BECs in 
wheat. 
 
 Previous studies have focused on transforming plants to investigate R protein function. 
These studies include transgenic apple expressing biotin-binding proteins (Marwick et al., 2003), 
transgenic tobacco containing the mustard trypsin PI2 (De Leo et al., 1998) or potato proteinase 
inhibitor II (McManus et al., 1994), poplar wound-inducible genes in Arabidopsis (Chen et al., 
2012), cabbage, broccoli and rapeseed transformed with Bacillus thuringiensis toxins to fight 
against the diamondback moth (Zhao et al., 2003) and barley cystatin HVCPI-6 and BTI-CMe 
inhibitor in Arabidopsis to be tested against a set of bacterial and fungal pathogens (Carrillo et 
al., 2011). In a study that demonstrated that R protein-coding genes RGA4 and RGA5 are both 
required to recognize Magnaporthe oryzae AVR1-CO39 and also the unrelated effector AVR-
Pia, transgenic M. oryzae strains expressing AVR1-CO39 and transgenic rice lines carrying 
RGA4, RGA5, RGA4 and RGA5, or an empty vector were used for pathogenicity tests (Cesari et 
al., 2013).  
Barley is considered a strict nonhost plant species for the wheat (Triticum aestivum) 
forma specialis B. graminis f.sp. tritici (Eshed and Wahl, 1970, Menzies and Macneill, 1989). No 
barley variety has been identified that allows B. graminis f.sp. tritici colonies to develop at the 
macroscopic level (Menzies and Macneill, 1989, Olesen et al., 2003, Atienza et al., 2004). 
However, at the microscopic level some barley varieties permit some development of B. graminis 
f.sp. tritici (Tosa and Shishiyama, 1984, Trujillo et al., 2004).  
Penetration of the plant epidermal cell walls and haustorium formation is a critical stage 
for the infection process of B. graminis. In compatible interactions, the haustorium assimilates 
nutrients from the host and secondary hyphae develop. The development of secondary hyphae 
can be used as an indicator that the haustoria are functioning. In incompatible interactions the 
sites of attempted cell penetration are blocked by cell wall appositions called papillae and in 
some cases the plant will react with the hypersensitive response resulting in cell death. The 
observation of secondary hyphae in compatible interactions and papillae in incompatible 
interactions can be used in pathogenicity tests to assess the development of the infection at a 
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microscopic level. The observation of sporulating colonies that can be seen with a naked eye can 
assess the pathogenicity at a macroscopic level. For the purposes of conducting a preliminary 
study, the pathogenicity test shown in this chapter concentrated on establishing an observable 
effect at the macroscopic level.  
6.2 Aims 
 
 The aim of this study was to commence the identification of transgenic wheat lines with a 
homozygous genotype for the BEC1011- and BEC1054-wobble constructs and homozygous null 
genotype. There are two wobble constructs per BEC, one with signal peptide and one without. 
There are 24 lines per construct and I chose 1 line from each construct to start the genotyping 
effort. These lines were genotyped and used for pathogenicity tests with the aim of investigating 
an observable effect of expression of BEC1011 and BEC1054 transgenes in wheat. 
6.3 Objectives 
 
 The workflow of this study can be seen in figure 6.2. The objectives in this study were: 
1. Identify the transgenic wheat lines with 1 copy of transgene BEC1011- and BEC1054-
wobble with the highest expression of RNA. Total RNA was extracted from the 107 
transgenic lines created by NIAB in Cambridge and cDNA was synthesized. The 
transcriptional levels were quantified using quantitative real-time polymerase chain 
reaction (qRT-PCR). Select 4 transgenic wheat lines for genotyping. 
2. Fifteen seeds from each selected line were planted for a total of 60 plants and their 
genomic DNA (gDNA) was extracted to determine which plants would be homozygous 
for the BEC-wobble gene, heterozygous and homozygous null plants. The target BEC-
wobble was first confirmed to be in the transgenic lines by genomic PCR with gene-
specific primers and then quantified using qRT-PCR. 
3. Plants from each line were selected with a homozygous genotype for the BEC-wobble 
gene and homozygous null for pathogenicity tests.  
4. Cut leaf segments of each plant and inoculate with Blumeria graminis f.sp. tritici and 
Blumeria graminis f.sp. hordei and observe infection development after 7 days. 
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 Figure 6.2. Workflow for this transgenic wheat expressing BEC1011- and BEC1054-wobble transgenes study. The 
expression of the BEC-wobble constructs in the transgenic wheat lines was determined using quantitative real-time PCR (qRT-
PCR). Fifteen seeds from each line with the highest expression and 1 copy number of BEC-wobble construct were planted. The 
presence of BEC-wobble was confirmed by genomic DNA extraction and amplification by PCR with gene-specific primers. The 
genotype of BEC-wobble gene in each of the fifteen plants grown per line was tested using qRT-PCR. According to the 
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genotyping results, the homozygous BEC-wobble plants and homozygous null plants were chosen and grown to seed. Three seeds 
per plant were chosen and planted for preliminary pathogenicity tests. 
6.4 Results 
6.4.1 Selection of lines for genotyping 
 
I extracted total RNA and synthesized cDNA from 107 transgenic wheat lines sent to our 
lab from NIAB. The copy number of the lines was determined by NIAB. I determined the 
presence of the target transgenes in the transgenic lines by PCR amplification. The transgenic 
lines with the BEC-wobble constructs exhibited the expected 158 bp band for BEC1011-wobble 
and 145 bp band for BEC1054-wobble after electrophoresis of the amplified products, which was 
absent in the control non-transformed plant (results not shown). These wheat lines contained the 
BEC transgenes BEC1011- and BEC1054-wobble with and without the signal peptide for a total 
of 4 constructs.  
The expression of the BEC1011-wobble, BEC1011 with signal peptide-wobble 
(BEC1011-SP-wobble), BEC1054-wobble and BEC1054 with signal peptide-wobble (BEC1054-
SP-wobble) was determined by quantifying the abundance of RNA using qRT-PCR (Table 6.1). 
The expression of each construct was calculated relative to wheat tubulin (more information can 
be found in the Materials and Methods section). The remainder of the results can be found in the 
Appendix of this chapter in Appendix table 1. The lines PS1.16, PS2.4, PS3.3 and PS4.4 were 
selected because they are 1-copy lines with the highest expression.  PS1 corresponds to 
BEC1011-wobble, PS2 is BEC1011-SP-wobble, PS3 is BEC1054-wobble and PS4 is BEC1054-
SP-wobble.  
 
Sample 
Copy 
number 
Fold 
difference 
in 
expression 
relative to 
tubulin 
Sample 
Copy 
number 
Fold 
difference in 
expression 
relative to 
tubulin  
PS1.1 >4   PS3.1 >4 1.38 
PS1.2 >4 13.47 PS3.2 1   
PS1.3 1   PS3.3 1 1.51 
PS1.4 >4 4.04 PS3.4 4   
PS1.5 2 3.42 PS3.5 1 0.16 
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PS1.7 >4 10.09 PS3.6 1 0.31 
PS1.8 >4 3.72 PS3.7 >4 1.13 
PS1.9 3 1.09 PS3.8 >4 0.54 
PS1.10 1 0.87 PS3.9 1 0.25 
PS1.11 1 0.63 PS3.10 5 0.37 
PS1.12 >4 6.16 PS3.11 >4 0.57 
PS1.13 >4 4.67 PS3.12 >4 2.26 
PS1.15 2 1.71 PS3.13 
 
1.85 
PS1.16 1 1.18 PS3.14 >4 1.11 
PS1.17 4 3.31 PS3.15 >4 1.21 
PS1.18 >4 1.52 PS3.16 2 0.20 
PS1.19 3 1.14 PS3.17 2 0.35 
PS1.20 1 0.57 PS3.18 2 0.18 
PS1.21 >4 4.68 PS3.19 >4 0.46 
PS1.22 >4 2.05 PS3.20 3 0.53 
PS1.23 1 1.93 PS3.21 >4 0.43 
PS1.24 2 2.71 PS3.22 >4 0.92 
PS1.con 
1 
0 0.18 PS3.23 3 0.58 
PS1.con 
2 
0 0.00 PS3.24 >4 0.83 
PS1.con 
3 
0 0.04 
PS3.con 
2 
0 0.09 
   
PS3.con 
3 
0 0.19 
Table 6.1. RNA abundance of BEC-wobble transgenes in transgenic wheat lines PS1.1 to PS1.24 and PS3.1 to PS3.24. The 
wheat variety Fielder was transformed and copy number was determined by the National institute of Agricultural Botany (NIAB) 
in Cambridge. The quantitative real-time PCR (qRT-PCR) method was used to determine the expression levels of BEC1011-
wobble and BEC1054-wobble in the lines relative to wheat tubulin. The control lines included in this experiment were PS1.con.1, 
PS1.con2, PS1.con3, PS3.con1, PS3.con2 and PS3.con3. The copy number of each line is also shown. 
 
6.4.2 Genotyping 
 
I planted fifteen seeds from each line for a total of 60 plants. I extracted the gDNA from 
these plants for genotyping and carried out PCR to confirm the presence of the gDNA extracted. 
Then, using qRT-PCR, the abundance of amplified product relative to wheat tubulin was used to 
determine the genotype of each plant. I created bins for the results from the qRT-PCR from the 
fifteen plants. If the result was 0.20-0.50 I grouped the plant into the heterozygous bin, 0.50-1.00 
or more corresponded to homozygous and less than 0.0 to homozygous null (Table 6.2).   
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Plant 
Fold 
difference 
in 
expression 
relative to 
tubulin 
Genotype Plant 
Fold 
difference 
in 
expression 
relative to 
tubulin  
Genotype 
PS1.16.1 0.75 homozygous PS2.4.1 0.48 heterozygous 
PS1.16.2 0.39 heterozygous PS2.4.2 1.71 homozygous 
PS1.16.3 0 null PS2.4.3 1.13 homozygous 
PS1.16.4 0.39 heterozygous PS2.4.4 1.9 homozygous 
PS1.16.5 0.83 homozygous PS2.4.5 1.33 homozygous 
PS1.16.6 0.02 null PS2.4.6 2.01 homozygous 
PS1.16.7 0.36 heterozygous PS2.4.7 1.54 homozygous 
PS1.16.8 0.83 homozygous PS2.4.8 1.89 homozygous 
PS1.16.9 0.4 heterozygous PS2.4.9 1.26 homozygous 
PS1.16.10 0 null PS2.4.10 1.77 homozygous 
PS1.16.11 0 null PS2.4.11 2.39 homozygous 
PS1.16.12 0.32 heterozygous PS2.4.12 1.17 homozygous 
PS1.16.13 0.48 heterozygous PS2.4.13 0.34 heterozygous 
PS1.16.14 1.43 homozygous PS2.4.14     
PS1.16.15 0.78 homozygous PS2.4.15 0.94 homozygous 
Plant 
Fold 
difference 
in 
expression 
relative to 
tubulin 
Genotype Plant 
Fold 
difference 
in 
expression 
relative to 
tubulin 
Genotype 
PS3.3.1 0.24 heterozygous PS4.4.1 0.28 heterozygous 
PS3.3.2 0.03 null PS4.4.2 0.6 homozygous 
PS3.3.3 0.23 heterozygous PS4.4.3 0.3 heterozygous 
PS3.3.4 0.34 heterozygous PS4.4.4 0.3 heterozygous 
PS3.3.5 0.3 heterozygous PS4.4.5 0.25 heterozygous 
PS3.3.6 0.56 heterozygous PS4.4.6 0.83 homozygous 
PS3.3.7 0.7 homozygous PS4.4.7 0.58 homozygous 
PS3.3.8 0.47 heterozygous PS4.4.8 0.33 heterozygous 
PS3.3.9 0.5 heterozygous PS4.4.9 0.26 heterozygous 
PS3.3.10 0.51 heterozygous PS4.4.10 0.54 heterozygous 
PS3.3.11 0.01 null PS4.4.11 0.38 heterozygous 
PS3.3.12 0.01 null PS4.4.12 0.7 homozygous 
PS3.3.13 0.25 heterozygous PS4.4.13 0.44 heterozygous 
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PS3.3.14 0.69 homozygous PS4.4.14 0.31 heterozygous 
PS3.3.15 0.61 homozygous PS4.4.15 0.54 homozygous 
Table 6.2. Table showing the genotyping results for the lines PS1.16, PS2.4, PS3.3 and PS4.4. Fifteen seeds were picked  and 
grown for each line for genotyping. PS1.16 corresponds to BEC1011-wobble, PS2.4 to BEC1011-wobble with signal peptide, 
PS3.3 to BEC1054-wobble and PS4.4 to BEC1054-wobble with signal peptide. The quantitative real-time PCR (qRT-PCR) 
method was used to determine the abundance of BEC-wobble gDNA transcript relative to wheat tubulin. A result of 0.20-0.50 
identified the plant as heterozygous, 0.50-1.00 or more corresponded to the homozygous bin and less than 0.0 corresponded to the 
homozygous null bin.  
 
The line PS1.16 is transformed with the BEC1011-wobble transgene (Table 6.2). The 
results for PS1.16 were: 5 homozygous, 6 heterozygous and 4 null plants. The plant PS1.16.14 
was chosen with the highest abundance of transcript with a result of 1.43-fold expression relative 
to tubulin. The code PS2.4 corresponds to the line transformed with BEC1011-SP-wobble. The 
seeds chosen for PS2.4 did not result in any homozygous null plants. The results were 12 
homozygous and 2 heterozygous. The abundance of transcript for the homozygous plants reached 
2.39-fold higher relative to wheat tubulin for PS2.4.11. The plant PS2.4.14 did not grow and 
therefore it was not possible to carry out the analysis. 
 The line PS3.3 is transformed with BEC1054-wobble transgene. The fifteen seeds planted 
and genotyped for the line PS3.3 resulted in 3 homozygous, 9 heterozygous and 3 homozygous 
null plants. PS3.3.7 had to highest amount of transcript with a result of 0.7-fold expression 
relative to tubulin. PS4.4 corresponds to the line transformed with BEC1054-SP-wobble. 
Similarly to PS2.4 no nulls were identified in the fifteen plants genotyped for this line. The 
results were 5 homozygous and 10 heterozygous plants. PS4.4.6 resulted in the highest 
abundance of amplified product with 0.83-fold relative to wheat tubulin. 
The seeds planted from the lines PS1.16 and PS3.3 resulted in homozygous plants with 
and without the BEC-wobble transgene. The pathogenicity tests required plants homozygous for 
the BEC-wobble construct and homozygous nulls. PS1.16.14 and PS3.3.7 were the selected 
homozygous plants because they resulted in the highest abundance of BEC1011- and BEC1054-
wobble amplified product respectively. The homozygous null plants chosen were PS1.16.3 and 
PS3.3.12. 
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6.4.3 Pathogenicity tests 
 
 The transformed wheat was cultivar Fielder and NIAB sent us an unnamed B. graminis 
f.sp. tritici isolate that successfully infects Fielder wheat. The John Innes Centre sent us non-
transformed Cerco variety wheat as a control for the pathogenicity tests. The barley variety we 
grow in our lab is Golden Promise and the B. graminis f.sp. hordei isolate we use is DH14. The 
DH14 isolate is the same as that used to obtain the reference genome sequence (Spanu et al., 
2010). The pathogenicity tests involved investigating an observable effect on susceptibility to B. 
graminis f.sp. tritici in transformed wheat compared to non-transformed wheat.  
 
Figure 6.3. Transformed wheat leaves inoculated with B. graminis f.sp. tritici. The leaves of each selected plant was cut and 
inoculated with B. graminis f.sp. tritici. The plants chosen for this test were PS1.16.3 (homozygous null, shown in the figure as -/-
BEC1011), PS1.16.14 (homozygous for the BEC1011-wobble construct, shown in the figure as +/+ BEC1011), PS3.3.12 
(homozygous null, shown in the figure as -/- BEC1054) and PS3.3.7 (homozygous for the BEC1054-wobble construct, shown in 
figure as +/+ BEC1054). Three seeds per selected plant were planted and grown for the pathogenicity test and were named 
according to the order in which they were planted. For example the first seed planted for PS1.16.3 was named PS1.16.3.1. The 
numbers correspond to the following plants: 1, PS1.16.3.1; 2, PS1.16.3.2; 3. PS1.16.3.3; 4, PS1.16.14.1; 5, PS1.16.14.2; 6, 
PS1.16.14.3; 7, PS3.3.12.1; 8, PS3.3.12.2; 9, PS3.3.12.3; 10, PS3.3.7.1; 11, PS3.3.7.2; 12, PS3.3.7.3.  
 
I also wanted to test whether there would be any fungal development of B. graminis f.sp. 
hordei in the transformed wheat. The plants selected for the pathogenicity tests were grown until 
they flowered and set seed. The seeds were collected and three seeds per plant were planted in 
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order to carry out the pathogenicity tests with three biological replicates, leaves were cut into 
segments and inoculated with either B. graminis f.sp. tritici or B. graminis f.sp. hordei.  
The transformed wheat leaves inoculated with B. graminis f.sp. tritici showed a visibly 
higher abundance of sporulated mildew colonies in the BEC1011- and BEC1054-wobble 
homozygous leaves compared with the homozygous null  leaves (Figure 6.3, numbers 1-3 
compared with 4-6 for BEC1011-wobble and number 7-9 compared with 10-12 for BEC1054-
wobble). B. graminis f.sp. hordei did not seem to produce any colonies on any of the leaf 
segments (Figure 6.4). 
 
 
Figure 6.4. Transformed wheat leaves inoculated with B. graminis f.sp. hordei. The leaves of each selected plant was cut and 
inoculated with B. graminis f.sp. hordei. The plants chosen for this test were PS1.16.3 (homozygous null, shown in the figure as -
/-BEC1011), PS1.16.14 (homozygous for the BEC1011-wobble construct, shown in the figure as +/+ BEC1011), PS3.3.12 
(homozygous null, shown in the figure as -/- BEC1054) and PS3.3.7 (homozygous for the BEC1054-wobble construct, shown in 
figure as +/+ BEC1054). Three seeds per selected plant were planted and grown for the pathogenicity test and were named 
according to the order in which they were planted. For example the first seed planted for PS1.16.3 was named PS1.16.3.1. The 
numbers correspond to the following plants: 1, PS1.16.3.1; 2, PS1.16.3.2; 3. PS1.16.3.3; 4, PS1.16.14.1; 5, PS1.16.14.2; 6, 
PS1.16.14.3; 7, PS3.3.12.1; 8, PS3.3.12.2; 9, PS3.3.12.3; 10, PS3.3.7.1; 11, PS3.3.7.2; 12, PS3.3.7.3.  
 
6.5 Discussion  
 
The 107 lines created by NIAB were successfully tested for expression of BEC-wobble 
constructs and lines with 1 copy and high expression were identified for genotyping. The lines 
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selected were PS1.16, PS2.4, PS3.3 and PS4.4. Two of the four lines selected for genotyping 
resulted in the successful selection of plants with a homozygous genotype for the BEC1011- and 
BEC1054-wobble constructs and for the homozygous nulls. These lines were PS1.16 and PS3.3 
corresponding to BEC1011-wobble and BEC1054-wobble respectively. 
 The PS1.16 and PS3.3 lines were chosen for pathogenicity tests and the results were an 
observable difference in colony formation of B. graminis f.sp. tritici in the homozygous plants 
for the BEC1011- and BEC1054-wobble construct compared with the null plants. This may 
indicate that the overexpression of BEC1011- and BEC1054-wobble proteins causes an increased 
virulence on the host. Nevertheless, these results are preliminary and require an extensively larger 
genotyping effort and more complex pathogenicity tests with control non-transformed wheat and 
barley and appropriate statistical analysis.  
The fifteen plants from the lines PS2.4 and PS4.4 corresponding to BEC1011-wobble 
with signal peptide and BEC1054-wobble with signal peptide respectively did not result in any 
homozygous nulls. The results for PS2.4 and PS4.4 did not give any homozygous nulls because 
only fifteen seeds were planted for the genotyping tests and after a discussion with a member at 
NIAB it was clarified that genotyping studies usually include 40 seeds.  
There was no visible mildew colony on the transformed wheat leaves inoculated with B. 
graminis f.sp. hordei confirming the host specificity is not altered in the wheat transformed with 
BEC1011- and BEC1054-wobble. It is still unknown which genetic factors determine that barley 
is a nonhost to B. graminis f.sp. tritici or other nonadapted formae speciales of B. graminis and a 
host to B. graminis f.sp. hordei. Inheritance studies are not possible because there is no barley 
variety that allows the development of nonadapted formae speciales. Transient-induced gene 
silencing (TIGS) in single epidermal cells has identified some candidate genes that may play a 
role in the resistance of barley to the wheat adapted B. graminis f.sp. tritici (Eichmann et al., 
2004, Douchkov et al., 2005, Miklis et al., 2007, Schweizer, 2007). 
6.6 Future work 
 
Future genotyping studies will include 40 seeds to circumvent the problem of not 
observing any homozygous nulls from reoccurring. A number of assays can be carried out to test 
the effect of BEC1054-wobble on Blumeria graminis f.sp. tritici infection and the hypothesis 
formed in our lab involving BEC1054 and RIPs. The hypothesis in our lab is that BEC1054 
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inhibits RIPs such as jasmonate-induced protein 60 (JIP60). Assays to test this model include 
observing whether there is a delayed senescence in transformed wheat when treated with methyl 
jasmonate, following the hypothesis that BEC1054 would inhibit jasmonate-induced RIPs from 
inducing senescence (Wasternack and Parthier, 1997). Future work may also use bacterial 
systems such as Xanthomonas to induce programmed cell death and test whether there is any 
difference in the transformed wheat compared to non-transformed wheat. This work would be 
coordinated by Adam Bogdanove of USDA Iowa State University. 
After challenge with the powdery mildew fungus, a relative penetration index should be 
recorded in the future by fixing and staining the leaves, followed by recording the number of 
secondary hyphae. Recording the number of secondary hyphae can be used as an indicator of 
functional haustoria (Hu et al., 2009). The overall amount of Blumeria graminis f.sp. tritici 
conidia can be monitored with a haemocytometer (Aghnoum and Niks, 2010).   
Cereal crops generally show less powdery mildew infection on plants compared with 
seedlings (Sanchez-Martin et al., 2011). This resistance in older plants has been called ‘adult 
plant’ resistance (APR) (Robinson, 1969) and has been found in older leaves of barley (Hwang 
and Heitefuss, 1982), oats (Jones and Hayes, 1971, Carver and Carr, 1977) and wheat (Shaner, 
1973). This type of resistance seems to be distinct from ‘major gene’ resistance and possibly 
more durable (Russell et al., 1975, Hwang and Heitefuss, 1982, Wright and Heale, 1984). The 
hypersensitive response (HR) was not found to be triggered immediately in some cultivars and 
cell penetration followed by a haustorium were observed before the plant halted any further 
development. This was termed ‘slow cell death’ by Sanchez-Martin et al. (2011). ‘Slow cell 
death’ was also called post-haustorial resistance. Overall, the study done by Sanchez-Martin et al. 
(2011) found that there was an overall reduction of the disease in the fifth leaves compared with 
the first leaves.  
It may be interesting for our lab to investigate the development of B. graminis f.sp. tritici 
on transformed wheat at different leaf ages in future pathogenicity tests and see if there may be 
the ‘slow cell death’ response in the older leaves. BEC1011 and BEC1054 are upregulated at the 
24hpi (hours post inoculation) stage of the fungal development (Pliego et al., 2013 and described 
in the expression profiling chapter) which coincides with the haustorial development time point. 
The expression of BEC1011 and BEC1054 as transgenes may play a role in virulence during the 
haustorial development and result in an observation of a ‘slow’ response where there is no 
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hypersensitive response and haustoria develop before the infection development is able to be 
stopped by the plant immune system (Kruger et al., 2002).  
6.7 Conclusion 
 
 NIAB created 107 lines of wheat expressing the transgenes BEC1011-wobble and 
BEC1054-wobble. These lines were tested for expression of BEC-wobble transgenes and the 
lines with 1 copy of transgene and high expression were identified for genotyping. The lines 
PS1.16 and PS3.3 were genotyped and the homozygous BEC-wobble and homozygous null 
genotype were chosen for preliminary pathogenicity tests. The preliminary pathogenicity tests 
show a visible difference between homozygous BEC-wobble transformed plants and 
homozygous null transformed plants. There were visibly more colonies on the homozygous BEC-
wobble transformed plants. This work has created the basis for future transgenic wheat studies. 
The expression of BEC1011-wobble and BEC1054-wobble as transgenes in wheat gives our 
group the opportunity to gain more insight into the role and function of these proteins.  
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Chapter 7: Ultrastructure study of B. graminis using 
Transmission Electron Microscopy 
7.1 Introduction 
 
Biological microscopy gives scientists the opportunity to observe cellular processes as 
they occur in living cells (Webster et al., 2008). It has now become routine to observe cultured 
cells and it is becoming increasingly possible with live tissue using the light microscopy 
(Huisken et al., 2004). Subcellular processes and organelles can be followed in vivo using 
biomarkers, molecules expressed in the living cells. The main limitation of light microscopy is 
the resolving power available. The smallest observable detail that can be examined using a light 
microscope is about 200 nm (Webster et al., 2008). Although there are many advantages to using 
the light microscope and it can be used for examining living cells in real time, a more detailed 
view of structures inside the cell can be more achievable using the electron microscope. 
7.1.1 Electron microscopy 
 
 Electron microscopy (EM) is the ideal technology for examining small details in cells and 
has been widely used to dissect cellular structures and their functions.  Transmission electron 
microscopy (TEM) has been a significant contributing factor to our understanding of host-
pathogen interactions in fungal disease of plants (Mims, 1991). This has been particularly the 
case for diseases caused by biotrophic fungi, most of which produce specialized feeding hyphae 
called haustoria. The intimate relationship that is formed following the penetration of a host cell 
wall and development of the haustorium that invaginates without breaking the plasma membrane 
of the host has become the main focus for effector studies (Yi and Valent, 2013).  
7.1.2 Immunolabeling in effector studies 
 
Intracellular recognition of flax rust Avr proteins provided indirect evidence for their 
delivery into the plant host cytoplasm (Rafiqi et al., 2010). Direct evidence that the flax rust 
protein AvrM is delivered into host cells was shown by immunolabeling. Purified antibodies 
were used to immunolocalise AvrM in infected flax leaves fixed at different time points from 12 
to 120 hours post inoculation (hpi) (Rafiqi et al., 2010). Labeling was strong at 16hpi and after, 
coinciding with the development of the first haustoria and suggesting that AvrM is present 
throughout the development of haustoria (Rafiqi et al., 2010).  
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Effectors of the hemibiotrophic fungus Colletotrichum higginsianum were found to be 
localised in stage-specific compartments at the host-pathogen interface by immunogoldlabeling 
(Kleemann et al., 2012). More specifically, C. higginsianum effectors were shown to be focally 
secreted from appressorial penetration pores before host invasion (Kleemann et al., 2012). The 
haustoria-specific proteins RTP1p of biotrophic rust fungi Uromyces fabae and Uromyces 
striatus localise inside the host cytoplasm (Kemen et al., 2005). Using immunogoldlabeling it 
was then found that RTP1p accumulates in the extra-haustorial matrix before translocation into 
the host cytoplasm (Kemen et al., 2005).  
A more recent study found that the RTP1p protein accumulates mostly in mature parts of 
the extrahaustorial matrix and not at the growing haustorial tip (Kemen et al., 2013). Electron 
microscopy revealed immunogoldlabeling of RTP1p on the haustorial surface including the 
proturbances arising from the extrahaustorial matrix (Kemen et al., 2013).  The extrahaustorial 
membrane is the invaginated portion of the plasma membrane that separates the haustorium from 
the cytoplasm of the living host cell. The extrahaustorial matrix is the interface between the host 
and the fungus and is found between the extrahaustorial membrane and the haustorium. 
7.1.3 Biological specimen preparation for EM 
 
 One of the restrictions when using electron microscopes is caused by the need for high 
vacuums and dead biological material leading to specimens that are subjected to alterations. 
Biological specimens that are prepared for EM are commonly dehydrated and drying is a process 
that induces structural alterations inside the cells. Another step in specimen preparation that 
causes alterations is chemical cross-linking, which is performed to enable the specimens to 
withstand the drying process (Webster et al., 2008). Chemical cross-linking of cellular 
components using glutaraldehyde followed by staining with heavy metals and dehydration forms 
the basis of current subcellular morphology studies. 
7.1.4 Antigenicity preservation of specimens for immunocytochemistry  
 
 Biological material that is prepared for immunocytochemical experiments require a 
method that preserves antigenicity and immobilizes the molecules so that they are not displaced 
from their normal location resulting in false positive localization or a negative result in the case 
that the molecules get washed away (van Genderen et al., 1991). Immobilizing specimens for EM 
is carried out using two approaches: vitrification of biological material and chemical fixation. 
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Experiments that are being set up for immunocytochemistry are usually prepared with lower 
concentrations of aldehyde to preserve antigenicity because fixing specimens to obtain good 
morphology is usually at odds with the antibody gaining access to the target antigen (Webster et 
al., 2008).         
 The preservation of structures in a tissue depends on the way the fixation and embedding 
protocols are carried out. Fixation of specimens preserves the structural integrity of the biological 
material and aids resin infiltration. The three main fixatives used are paraformaldehyde (PFA), 
glutaraldehyde (GA) and osmium tetroxide (Hayat, 1981). The antigen sites can become 
destroyed with increased cross-linking resulting in decreased antigen recognition if the 
concentration of the fixative is too high (Bendayan and Puvion, 1984, Bendayan et al., 1987, 
Kraehenbuhl et al., 1977). Free aldehydes radicals may be introduced to the specimen after 
fixation with aldehydes. This requires the addition of 0.15M glycine or lysine to quench the free 
aldehyde groups and prevent non-specific binding of antibodies. Lipids become fixed with 
osmium tetroxide application to specimens and this can also be a problem as it tends to destroy 
antigen sites.  
7.1.5 Embedding approaches 
 
There are six different approaches available for obtaining hard blocks of biological 
material for ultramicrotomy to create sections for EM. These methods are: epoxy resins (Epon 
812, Araldite, Spurr), glycol methacrylate resins (GMA and low acid GMA), Lowicryl type 
resins (K4M and HM20), acrylic resins like London Resins (LR White and LR Gold), no 
embedding and processing through ultramicrotomy with labeling of ultrathin cryosections, and 
rapid freezing using high pressure freezing (HPF) and freeze substitution (FS) (Bendayan, 1980, 
Bendayan and Puvion, 1984, Bendayan et al., 1987, Roth et al., 1981, Roth and Heitz, 1989, Slot 
and Geuze, 1983, Tokuyasu, 1983). The preservation of antigens is affected by the way in which 
a resin is used. Resin infiltration and polymerisation methods may affect the outcome of the 
immunolabeling by modifying antigen structure to alter antibody affinity for some epitopes, 
washing out antigens from tissues, modifying tissue permeability and modifying tissue 
hydrophilicity (Doerr-Schott, 1989).  
For example, LR White can be polymerised using heat in a conventional oven or 
microwave processor (Newman et al., 1982, Newman et al., 1983, Webster, 2007), chemical 
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catalysis (Yoshimura et al., 1986) or UV light (Newman and Hobot, 1987). Polymerization with 
UV light is the preferred method for immunolabeling since both heat and catalytic polymerization 
require elevated temperatures which may reduce specimen antigenicity. The endoplasmic 
reticulum in wheat cells was immunolocalised using LR White embedding techniques and 
antibodies against the c-terminal KDEL sequence contained within chaperonin BiP (binding 
protein) (Levanony et al., 1992, Vertel et al., 1992).  
Methods with a reduced temperature extend the time necessary for resin infiltration, 
which may protect antigens but may also increase problems with extraction of biological material 
(Abbate et al., 1993, Griffiths et al., 1993). Lowicryl resins can also be used for low temperature 
methods (Roth and Heitz, 1989). Lowicryl resins can be polymerized at low temperatures by UV 
light, with the added advantage that the freeze substituted material is embedded in a solid state 
(Webster et al., 2008). For antigens that are easily denatured, cryoelectron microscope techniques 
are best. 
7.1.6 Colloidal gold use for immunolabeling 
 
 Localisation of antigens with gold particles is the result of a complex being formed 
between target molecules and probe molecules conjugated with colloidal gold particles that can 
be visualised using EM. Target molecules may be specimen antigens, primary or secondary 
antibodies. Probe molecules may refer to primary or secondary antibodies or immunoglobulin 
binding proteins such as protein A or protein G. The concentration of gold particles, temperature, 
viscosity of staining medium, radius of gold markers, staining time and probability that the gold 
will interact with the target molecules are all variables that affect the successful outcome of the 
labeling (Park et al., 1989). Gold is the preferred probe for immunolabeling techniques because it 
is inert, minimising non-specific staining and can be conjugated to a wide range of probe 
molecules. Protein A complexes were used to look at red blood cell antigens (Romano and 
Romano, 1977). Lectin conjugates have been used to study fungi, mycoplasmas and plant cell 
walls (Benhamou, 1989).  
7.1.7 Vitrification of biological material 
 
 EM underwent a revolution when it was discovered that water can be frozen so rapidly 
that ice crystals are unable to form and vitrification occurs (Dubochet et al., 1988, Saibil, 2000b, 
Saibil, 2000a, Steven and Aebi, 2003). Vitrified specimens can be examined while still solid and 
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in a fully hydrated state in the electron microscope. Several studies have made use of this 
approach to examine whole intact cells (Kurner et al., 2004, Beck et al., 2004, Braet et al., 2003, 
Medalia et al., 2002). This method allows parts of cells that are less than 500nm in size to be 
visualised (Webster et al., 2008). The organization of actin filaments in the filopodia of 
Dictyostelium discoideum were made visible by rapidly vitrifying cells on coated specimen grids 
by immersion in liquid ethane and examining them under the TEM while still solid at low 
temperature (Medalia et al., 2007).  
7.1.8 CEMOVIS 
 
Thicker regions of cells and tissues can be examined using the technique called 
CEMOVIS (Cryo-Electron Microscopy of Vitreous Sections) where vitrified biological material 
is sectioned at low temperature and the solid sections are viewed under the TEM at low 
temperature (Al-Amoudi et al., 2004a, Al-Amoudi et al., 2002, Al-Amoudi et al., 2004b, Al-
Amoudi et al., 2005). Fully hydrated, frozen specimens cannot be immunolabeled with sequential 
applications of reagents once they are frozen but it is possible to perform on-grid immunolabeling 
of particle surfaces or cells prior to freezing (Roos et al., 1996). Structures in frozen material can 
be examined if biomarkers are attached to normally expressing proteins that can easily be 
visualised in the cell (Gaietta et al., 2002, Gaietta et al., 2006, Sosinsky et al., 2007). 
7.1.9 High pressure freezing and freeze substitution 
 
HPF is currently the method of choice for immobilizing biological material. HPF is a 
fixation technique that uses liquid nitrogen applied at 2,100 bar to prepare specimens up to 0.5 
mm in thickness for examination using TEM. The HPF method, first introduced in the 1980s 
(Gilkey and Staehelin, 1986, Moor, 1987, Dahl and Staehelin, 1989), followed by FS has become 
to main protocol used for preserving plant tissue for EM studies (Ding et al., 1992, Studer et al., 
1992, Bourett et al., 1999). 
Vitrified samples can be dehydrated at low temperatures (-90°C) by FS, a process that 
dissolves the ice with an organic solvent (Kellenberger, 1991, Walther and Ziegler, 2002). The 
solvent can also include chemical cross-linkers, fixatives, or contrasting chemicals. Commonly 
added are uranyl acetate, osmium tetroxide, or GA. This allows for a stabilized specimen that is 
less likely to undergo alteration of the original sub-cellular architecture (Bohrmann and 
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Kellenberger, 2001, Kellenberger, 1991). Once the FS process is completed the samples are 
infiltrated with resin and polymerized (Giddings, 2003). 
7.1.10 Working with plant material 
 
Some studies have infiltrated leaves with methanol prior to freezing as a means to attempt 
to displace the air present within the intercellular leaf spaces as this may cause interference with 
freezing due to its compressible nature (Knauf et al., 1989, Mendgen et al., 1991). Mims et al. 
(2003) did not follow this approach but instead displaced the air around samples in planchettes 
with a dextran solution prior to freezing. The air present within intercellular leaf spaces, vacuoles 
and cell walls are all factors that make fixation, freezing or infiltration more difficult when 
working with plant material. Other problems encountered when working with plant material 
includes separation of plant cell cytoplasm from cell walls, breakage of cell walls and membranes 
and splitting of thin sections (Mims et al., 2003). These problems have also been encountered in 
other previous work (Kiss et al., 1990).  
The preservation of host and fungal cell organelles was found to be superior when HPF 
and FS were used when compared with conventional chemical fixation methods (Mims et al., 
2003). Plasma membranes of both the host and the fungus were found to be well preserved with 
smoother profiles and more closely appressed to their respective cell walls in cryofixed samples 
compared with chemically fixed samples (Mims et al., 2003). Moreover, and most importantly, 
higher resolution of details was observed in the extrahaustorial membrane in cryofixed samples 
(Mims et al., 2003). Other studies used plunge, spray and slam freezing to study the ultrastructure 
of powdery mildew haustoria (Hippe, 1985, Dahmen and Hobot, 1986, Mackie et al., 1991). It 
was however found in a study of poinsettia (Euphorbia pulcherrima) leaves infected with 
powdery mildew fungus Oidium sp. that HPF/FS was the method with the most successful full-
thickness freezing in the leaves (Mims et al., 2003). 
 
7.2 Aims 
 
1. To investigate the ultrastructure of barley leaves infected with B. graminis. 
2. To optimize the method for future work into achieving the aim of visualising 
intracellular recognition of BEC1054 by immunogoldlabeling to provide indirect 
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evidence for their delivery into the plant cytoplasm during infection. The aim of 
immunogoldlabeling was not allowed to proceed in this thesis due to extenuating 
circumstances. 
7.3 Objectives 
 
1. A method for conventional chemical fixation of B. graminis infected barley leaves was 
first established to study the ultrastructure of the infection in the host. The ultrastructure 
of the barley-B. graminis system was studied to target the structures for 
immunocytochemistry. 
2. A method for handling infected plant material when using the chemical fixation approach 
was optimised for future work with the progressive lowering of temperature (PLT) and 
high pressure freezing and freeze substitution (HPF/FS) methods that can be used for 
immunolabeling. The workflow of this study is laid out in figure 7.1. 
 
 
 
Figure 7.1. Workflow of transmission electron microscopy (TEM) study of B. graminis infected barley leaves. The 
ultrastructure of B. graminis is observed using conventional fixation methods with the addition of osmium tetroxide and 
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embedding in an epoxy resin (Spurr). Once this method has been established progressive lowering of temperature (PLT) is 
approached which does not include osmium tetroxide and is therefore appropriate for immunolabeling studies. Embedding of 
biological material using PLT was done in an acrylic resin (LR White). The sections from the material embedded in LR White 
were first visualised under light microscope to identify the haustorium of B. graminis and then ultrathin sections of the block were 
taken to be examined under transmission electron microscopy. Once the ultrastructure of B. graminis is studied high pressure 
freezing (HPF) is used with osmium tetroxide for comparison of structural preservation compared to conventional chemical 
fixation and without osmium tetroxide for immunolabeling. Light blue boxes denote methods that have been tested in this study 
and light green boxes are methods that should be attempted in the future. 
 
7.4 Results 
  
The steps involved in acquiring immunolabeled images using TEM involve first targeting 
the structure of interest by doing an ultrastructure study. Barley leaves infected with B. graminis 
5 dpi were harvested and chemically fixed with GA and PFA using syringe infiltration. The 
infected leaves were then cut into segments and infiltrated with osmium tetroxide then 
dehydrated at room temperature. The leaf segments were embedded in Spurr epoxy resin.  The B. 
graminis haustorial body and its digit-like protrusions (marked by an asterisk) called haustorial 
lobes inside the barley epidermal cell were first identified in semi-thin sections using light 
microscopy (Figure 7.2). Figure 7.2 also shows the mesophyll with chloroplasts (marked with an 
arrow) underneath the epidermal cell and surface epiphytic hyphae.  
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Figure 7.2. Bright-field light microscopy image of a semi-thin section of B. graminis infected barley leaf. The 
haustorium is clearly visible inside the epidermal cell (EC: epidermal cell; HB: haustorial body; *: digit-like 
protrusions of haustorium). Epiphytic hyphae are shown outside the plant cell on the leaf surface (EH: epiphytic 
hyphae). The mesophyll and chloroplasts inside the mesophyll cells are also visible (Me: mesophyll; : chloroplast). 
Scale bar: 50 μm. 
 
 
Then ultrathin sections of the embedded material were cut and the ultrastructure was 
visualized with TEM (Figure 7.3A-G and 4A-B). Figure 7.3A shows the haustorial body inside 
the epidermal cell as in Figure 7.2. Focus was placed on the haustorial lobes to show the granular 
extrahaustorial matrix and the extrahaustorial membrane (Figure 7.3D). The extrahaustorial 
membrane is highly convoluted. The fungal mitochondria are seen in Figure 7.3E and F. The 
fungal plasma membrane and fungal cell wall are visible in the micrographs show in Figure 7.3G.  
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The majority of surrounding area in the epidermal cell is filled with air-filled vacuole marked in 
Figure 7.3D-G. 
 
 
Figure 7.3. Ultrastructure of B. graminis haustoria infecting barley epidermal cells. A. Overview of a young 
haustorium. The haustorial body (HB) and lobes (asterisk) is inside the epidermal cell (EC). The epiphytic hyphae 
(EH) can be seen above the surface of the leaf. The mesophyll (Me) and chloroplasts (arrow) can be seen below the 
EC. Scale bar equal to 10 μm. B and C. Selective enlargement from (A) showing a higher magnification view of the 
haustorial lobes (L). B. Scale bar equal to 5 um C. Scale bar equal to 2 μm.  D. The extrahaustorial matrix (EHMx) 
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and the extrahaustorial membrane (EHM) can be seen in more detail. The host cytoplasm appears disrupted and 
could mean the infection is too old. V: vacuole. Scale bar equal to 2 um. 
 
 
Figure 7.3 continued. E and F. Selective enlargement of the far-left haustorial lobe from (C). The mitochondria (M) 
can be seen inside the lobe and the EHMx and EHM surrounding it. E. Scale bar equal to 2 μm. F. Scale bar equal to 
500 μm.  G. The fungal plasma membrane (FPM) and cell wall (FCW) are visible and there is a closer view of the 
EHMx and EHM. Scale bar equal to 500 μm. 
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Figure 7.4.  Ultrastructure of B. graminis haustorial body inside the epidermal cell of barley. A. The epiphytic 
hyphae (EH) on the surface of the leaf are visible. Scale bar equal to 5 μm. B. Selective enlargement from (A) of the 
haustorial body (HB). The extrahaustorial matrix (EHMx), extrahaustorial membrane (EHM), host cytoplasm (HC) 
and host tonoplast (HT) can be seen. Inside the host cytoplasm there may be multivesicular bodies (MVB) present 
and the host endoplasmic reticulum (ER) . The asterisk shows tubular elaborations of the EHM into the EHMx. V: 
vacuole.  Scale bar equal to 2 μm. 
 
Figure 7.4A shows there is some damage in the vacuolar space surrounding the haustorial 
body in the epidermal cell. The electron micrographs presented in Figure 7.4B shows what could 
be the host cytoplasm and host tonoplast. The presence of structures that could potentially be 
multivesicular bodies and endoplasmic reticulum are also visible in Figure 7.4B. The 
multivesicular bodies and endoplasmic reticulum found close to the extrahaustorial membrane 
may hint to their role in effector uptake by the host. 
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Figure 7.5. Dotblot western blotting test of anti-BEC1054 antibodies before and after purification. A serial dilution of 
nonpurified and purified antibody was pipetted directly on a polyvinylidene difluoride membrane to test the signal against purified 
recombinant BEC1054 protein and whole protein extract from barley leaves uninfected and infected with B. graminis 9 days post 
inoculation (dpi).   
 
Once these structures were identified, new samples were prepared using PLT and 
embedded in LR White for immunocytochemistry. Before the immunogoldlabeling was 
performed on sections from the embedded material, polyclonal antibodies raised in rabbits 
against BEC1054 were tested before and after purification to determine whether the BEC1054 
antigen remained preserved and could be recognized by the antibodies when the material was 
treated with the higher than conventional concentrations of GA (Figure 7.5). The concentration of 
GA used for these samples was 0.1% (as opposed to the usual 0.01%) because working with plant 
cells requires a higher concentration to better fix structures even if this may compromise 
antigenicity. Up to 75% of antigen may be lost with such a high GA concentration. The results 
show that this concentration of GA did not compromise the recognition of the antigen by the 
antibodies and purified antibodies increased the signal of BEC1054 in material infected 9 dpi 
when applied undiluted. 
The preliminary results of the immunogoldlabeling were not successful and are therefore 
not shown. The ultrathin sections were cut too far and went through the haustorium. HPF/FS was 
attempted on prepared barley leaves infected with B. graminis but the HPF machine suffered 
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technical issues and the material was unsuccessfully vitrified. The person training me left 
Imperial and there was no-one left to continue this training, therefore I had to abandon this part of 
the project. 
7.5 Discussion and future work 
7.5.1 Ultrastructure of B. graminis 
 
 The ultrastructure images were interpreted using the Bracker (1967), Hippe (1985) and 
Hippe-Sanwald (1992) studies (Bracker, 1967, Hippe, 1985, Hippe-Sanwald et al., 1992). The 
samples were prepared following the methods in the Micali et al. (2011) study (Micali et al., 
2011). The ultrastructure images presented in this chapter were shown to Richard O’Connell and 
his comments were that the material seems to be damaged. The large vacuoles in epidermal cells 
were often found to be mildly to extensively damaged in the ultrastructural images taken of 
poinsettia (Euphorbia pulcherrima) leaves infected with powdery mildew Oidium sp. (Mims et 
al., 2003). The Mims et al. (2003) study suggested that vacuolar damage was probably related to 
sectioning problems resulting from poor resin infiltration. Rupture of vacuoles has also been 
reported previously in fungal structures prepared for visualisation using HPF (Hyde et al., 1991, 
Mims and Richardson, 2003). Future work should aim to concentrate on finding suitable 
conditions for good histological preservation or cells. Alternatively, this damage could possibly 
be the result of an infection which is too old. The age of the barley used in this study was 12 days 
and the infection was 5dpi. Future studies may want to test younger barley leaves and earlier time 
points in the infection.  
The B. graminis infected lower epidermis of barley leaves was stripped for previous EM 
studies and although this approach did not lead to usable material in my attempts it may lead to 
higher quality micrographs if the method is developed (Bracker, 1967; Hippe, 1985). The 
morphology of the biological material can be affected by the buffers used with fixatives, since 
even though the role of pH in fixation is currently unknown, commonly used buffers are charged 
molecules and are likely to display effects on the outside of the cells (Webster et al., 2008). This 
effect may create issues if it is taken into account that aqueous solutions of GA and PFA lower 
the cytoplasmic pH from 7.0 to possibly 6.0 (Griffiths et al., 1993). A properly chosen buffer 
with the chemical fixative may improve the structural preservation. The MES buffer was chosen 
for this study because it was successfully used in preparation of plant material in the Micali et al. 
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(2011) study.  
7.5.2 A model for effector translocation 
 
 The electron micrographs show that the fungus significantly alters the morphology of the 
invaginated portion of the host cell membrane associated with the haustorium. This observation 
of thickened and highly convoluted extrahaustorial membrane has been reported in several 
previous studies (Mims et al., 2003; Bracker, 1968; Gil and Gay, 1977). The presence of 
multivesicular bodies and ER inside the host cytoplasm in Figure 7.4B is inferred from images 
seen of the ultrastructure of Golovinomyces orontii haustoria infecting A. thaliana epidermal cells 
(Micali et al., 2011). It is speculated that multivesicular bodies represent an intermediate stage in 
the delivery of fungal virulence factors to the host cell (Micali et al., 2011). A model of how 
fungal exosomes would pass across the fungal cell wall to enter the extrahaustorial matrix and 
then either rupture to release their contents into the extrahaustorial matrix or fuse directly with 
the extrahaustorial membrane to deliver directly into the host cytoplasm is shown in Figure 7.6. 
The model barley-B. graminis pathosystem has been previously studied by light and TEM (Zeyen 
et al., 2002, Bushnell et al., 2002). An ultrastructure study is the first step towards 
immunocytochemical procedures to localize BECs. 
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Figure 7.6. Schematic diagram showing the speculation of the multivesicular bodies’ involvement in the 
delivery of fungal virulence factors. The fungal multivesicular bodies (MVBs) fuse with the plasma membrane to 
release intralumenal vesicles as fungal exosomes. These fungal exosomes are destined for either the outside of the 
haustorial cell wall, the extrahaustorial matrix (EHMx) or to fuse with the extrahaustorial membrane (EHM). 
Vesicles could also originate by budding from the EHM into the EHMx. On the plant side, vesicles coming from the 
Golgi and MVBs fuse with the EHM to deliver their proteins (resistance proteins?). Plant secretory vesicles and 
MVBs are also delivered to the haustorial encasement (E).  This diagram is adapted from Micali et al. (2011). 
 
7.5.3 Immunolabeling of BEC1054 
 
The purification of the antibody was successful and showed increased signal of BEC1054 
in protein extract from barley leaves infected with B. graminis 9dpi. The time point 9dpi was 
chosen because previous Western blotting showed that it is at this stage in the infection that 
BEC1054 becomes detectable. The dot blot was performed before the immunogoldlabeling 
procedures to support progressing onto attempting immunogoldlabeling. The dotblot test also 
confirmed that the concentration of GA used did not compromise the antigenicity. The purified 
antibody was tested for immunolabeling undiluted because it was assumed that purification 
would have caused dilution. However the images taken of immunolabeled material were 
saturated with purified antibody conjugated with gold signal and future work should make 
dilutions (results not shown).  
The method used for the preliminary immunogoldlabeling study (from which the results 
are not shown) was Progressive Lowering of Temperature (PLT) (Robertson et al., 1992). PLT 
was introduced by the Kellenberger group in the early 1980s and became a popular method used 
for embedding in methacrylates such as Lowicryl resins (Armbruster et al., 1983, Carlemalm et 
al., 1985). The material is fixed with aldehydes and subjected to increasing concentration of 
dehydrating solvent (ethanol or acetone usually) while progressively lowering the temperature of 
the solvent. Once the specimen is dehydrated it is infiltrated with resin at low temperature (-
50°C) and polymerized under UV light. Immunogoldlabeling has been successfully carried out 
using this approach by several researchers (Altman et al., 1984, Bayer et al., 1985, Lucocq and 
Roth, 1984, Warhol et al., 1985, Oprins et al., 1994).  
127 
 
7.5.4 Immunolabeling options for EM 
 
There are three options for immunolabeling for EM. These three approaches are pre-
embedding, post-embedding or immunolabeling of ultrathin cryosections. Pre-embedding 
techniques are compatible with all resins that are generally used because the biological material is 
labeled and post-fixed before embedding. Romano and Romano (1977) used pre-embedding 
techniques for the first time to study cell surface antigens of red blood cells (Romano and 
Romano, 1977). Penetration of probe molecules through membranes can be aided in pre-
embedding methods by using detergent extraction with saponin or Triton X-100. Triton X-100 
was used to extract membranes to study an integral 54 kDa inner nuclear membrane protein 
(Bailer et al., 1991). 
There are multiple choices for resins to use and how to embed the specimens in the resin. 
In the post-embedding approach, immunolabeling takes place on ultrathin sections after 
embedding, rather than on intact biological material before embedding. The post-embedding 
technique was an adaptation of the pre-embedding technique by Roth et al. (1978) (Roth et al., 
1978). There is a range of resins that can be used for post-embedding including the hydrophilic 
resins Lowicryl K4M, Lowicryl K11M, LR White and the hydrophobic resins Lowicryl HM20 
and Lowicryl HM23. For some antigens, there seems to be little difference in the level of 
immunolabeling between the two types of resin (Robertson et al., 1992). The resin chosen for the 
PLT was LR White. LR White was used because I was working with plant material and it is 
difficult to dehydrate plant material completely, creating the need for a resin that is more tolerant 
to some water. It was found that the polymerisation time of the LR White was too extended and 
resulted in blocks that were very brittle and made trimming and sectioning difficult. Future work 
may test decreasing the time for polymerisation. 
For specimens that contain antigens that cannot be localised with pre- or post-embedding 
methods due to the combination of fixation, dehydration and resin embedding resulting in 
decreased antigenicity and accessibility to the antibody, ultrathin cryosections are an alternative 
method (Campagne et al., 1989). The material is lightly fixed and frozen in liquid nitrogen after 
having been cryoprotected with 1.15M sucrose and 10% polyvinylpyrrolidone (Tokuyasu, 1986). 
The cryoprotectant usually used is sucrose but it can only be used if methanol is the substitution 
medium (van Genderen et al., 1991). It is important to find the correct balance in the osmolarity 
of fixative with sucrose. Biological material fixed improperly may result in an osmotic imbalance 
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across the impermeable inner mitochondrial membrane with enlarged mitochondria and broken 
cristae with hypotonic media and compressed mitochondrial membranes with hypertonic 
solutions (Ernst and Froesch, 1988). For thawed cryosections with antigens that become 
destroyed by the fixation step, rapid freezing and FS is the alternative approach.  
7.5.5 The use of colloidal gold particles in immunolabeling 
 
Colloidal gold particles contain a crystalline core with auric chloride (AuCl2
-
, also 
referred to as Gold(III) chloride) ions on the surface (Sadler, 1976). The surface chloride ions 
make the particles negatively charged (Dean and McCance, 1949). To protect positively charged 
samples from binding electrostatically with the chloride ions fish gelatin was used to block the 
samples and protect them from non-specific binding. Proteins adsorb non-covalently to the 
colloidal gold and, with the exception of catalase (Horisberger and Rosset, 1977), retain their 
biological activity (Horisberger and Clerc, 1985). Mesh grids were used in the preliminary work 
and it was found that structures were covered by the mesh and visualising one hexagon and then 
moving to a neighbouring hexagon proved difficult. In the future slot grids should be used to 
circumvent this problem and ensure that structures are visible. 
7.5.6 Silver enhancement 
 
The appearance of small gold particles may be enhanced using autometallography 
(Danscher et al., 1993). This method uses the silver precipitation reaction (Danscher et al., 1987, 
Danscher, 2002). Silver enhancement amplifies the signal by increasing the size of the particles 
but not their number which permits better visualisation by EM. One disadvantage of this method 
is that the process may create staining artifacts. The sections may then be contrasted with uranyl 
acetate and lead citrate and visualised on the transmission electron microscope (Bendayan et al., 
1987). 
7.5.7 High pressure freezing and freeze-substitution 
 
Chemically fixed biological material can also be dehydrated using FS methods if the 
material undergoes cryoprotection prior to immersion in liquid nitrogen (Oprins et al., 1994, van 
Genderen et al., 1991). Cryo-immobilization followed by FS and embedding at low-temperatures 
(-50 to -90° C) is generally accepted as being the best approach for immunolabeling (Hess, 
2007). Relatively large biological specimens (up to 200 μm thickness and 2 mm in diameter) are 
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usually immobilized using HPF (Moor, 1987, McDonald, 1999). Although HPF does not avoid 
chemical cross-linking it omits ambient temperature dehydration which is considered to be a 
contributing process that may cause morphological damage (Bohrmann and Kellenberger, 2001). 
Since the technology and skills required to prepare samples for HPF are demanding most 
users prefer chemically fixing the material using aldehydes. Specimens should be prepared using 
HPF to obtain good ultrastructure images. Chemically fixed biological material can also be 
prepared for immunocytochemistry by rapid dehydration at ambient temperature and embedded 
in resin using heat polymerization (Gocht et al., 1995, Satoh et al., 2000). 
Keith McDonald (McDonald, 1999, 2007) has developed and modified the FS method so 
that it can be performed more rapidly and it is known as the rapid FS method. I did not perform 
the rapid FS method because it has not been tested on all tissues and it remains unclear whether it 
works on spores which are notoriously difficult to infiltrate with resin and also spores on plant 
material which is specifically what I am working with. Hence, I chose to use the more traditional 
PLT method which also has different temperatures compared with rapid FS to compensate for the 
difficulty of working with plant material infected with spores.  
7.5.8 The Tokuyasu method 
 
The fastest method for obtaining results on ultrastructure and immunolabeling is the 
Tokuyasu method (Griffiths et al., 1993, Tokuyasu, 1983). This method uses cryosectioning and 
it is the only post-embedding immunolabeling technique that does not require dehydration before 
the application of affinity markers and colloidal gold probes. In short, the biological specimen is 
chemically cross-linked, cryoprotected with sucrose and vitrified using HPF (Griffiths et al., 
1984 ; Webster and Webster, 2007), sectioned at low temperature (between -60 and -120° C), 
thawed onto metal specimen grids, labeled and embedded in a thin film of plastic (Webster and 
Webster, 2007). The final steps of embedding and drying can be manipulated to acquire the 
desired appearance of the sections in the transmission electron microscope (Takizawa et al., 
2003, Himmelhoch, 1994, Tokuyasu, 1986, Tokuyasu, 1989, Keller et al., 1984).  
7.5.9 Alternative approaches 
 
Correlative microscopy, where light microscopy is correlated with TEM data, involves the 
gathering of sequential sections through the biological specimen. The sections are examined 
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using either light or electron microscopy in an alternate pattern (Müller‐Reichert et al., 2007, 
Robinson et al., 2001, Schwarz and Humbel, 2007, Takizawa et al., 2003, Takizawa and 
Robinson, 2003a, Takizawa and Robinson, 2003b, Takizawa and Robinson, 2006). This method 
makes it possible to determine optimal antibody dilutions, signal intensity and distribution at the 
light microscope level followed by TEM analysis. 
A high resolution alternative is to apply fluorescent antibodies to thin sections of the 
specimen and examination using the confocal microscope (Mori et al., 2006, Schwarz and 
Humbel, 2007, Takizawa and M. Robinson, 2004). The z-axis resolution is determined by the 
thickness of the sections and sometimes only the surface of the section becomes labeled with 
antibody (Schwarz and Humbel, 2007, Stierhof et al., 1986). The ultra-small subcelullar caveoli 
were resolved using thin sections for immunofluorescence microscopy (Mori et al., 2006).  
7.6 Conclusion 
 
B. graminis infected barley leaves were chemically fixed and viewed under light and 
transmission electron microscopy. The electron micrographs obtained revealed the ultrastructure 
of the haustorium inside the barley epidermal cell along with other structures that may give 
insight into the cellular processes that surround effector delivery and uptake. The chemical 
fixation and embedding in epoxy resin method proved to provide images with a good level of 
preservation of structures. The progressive lowering of temperature method and embedding in LR 
White resin method was attempted to acquire sections for immunolabeling. This method was 
successful but the immunolabeling did not work. The information gathered from this preliminary 
study will aid future work in establishing the appropriate method for working with this host-
pathogen system and investigate effectors. The use of the high-pressure freezing and freeze 
substitution method may give the least altered morphology and prove to be the optimum method 
for immunolabeling BECs in B. graminis infected barley leaves as has been shown to be 
successful in previous studies.  
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Chapter 8: General discussion 
 
 At the beginning of this thesis the B. graminis genome was sequenced and presented 
(Spanu et al., 2010). Previous to the sequencing of B. graminis genome, a list of candidate 
effectors named BECs was compiled using proteogenomics, transcriptomics and genomics. 
Microarrays monitored the transcriptome during a time infection course to identify genes 
specifically upregulated during haustorium formation (Thomas et al., 2001, Both et al., 2005). 
Avirulence genes conferring race-specific incompatibility on barley genotypes with 
corresponding resistance genes were characterized (Ridout et al., 2006, Sacristán et al., 2009). 
The program RNAseq was used to quantify the abundance of transcribed RNAs specifically 
associated with haustoria compared to mycelia or conidia and genes upregulated only in haustoria 
were included as BECs (Godfrey et al., 2010, Spanu et al., 2010). Proteogenomics found proteins 
exclusive to infected epidermis and not mycelia or conidia (Bindschedler et al., 2011, 
Bindschedler et al., 2009). Of the annotated Blumeria-specific genes, 491 encoded proteins that 
were named CSEPs (Spanu et al., 2010). Genes predicted to encode small secreted proteins with 
no evident homologs in other fungi were identified in the B. graminis genome using 
bioinformatics (Pedersen et al., 2012). Selective pressures between CSEP paralogs in the course 
of time from the origin of the paralogs to the present were measured (Pedersen et al., 2012). The 
genomes and transcriptomes of two B. graminis isolates were sequenced and compared to the 
reference genome and isolate-specific single-nucleotide polymorphisms were investigated to 
reveal rapid evolutionary rates in candidate virulence determinants (Hacquard et al., 2013). 
This thesis aimed to contribute to the characterization of BECs and to gain more insight 
into their involvement in the B. graminis-barley interaction. Expression profiling of BEC 
transcripts revealed the time points during the infection that different BECs accumulate and led to 
an indication of their role in the development of the pathogen and the establishment of the 
interaction.  The differential scanning fluorimetry method was applied to find an indication that 
BEC1054 binds RNA. Transmission electron microscopy was used to gain an understanding of 
the ultrastructure of B. graminis inside barley leaves and optimize a method that works when 
manipulating infected plant material that can be used for future immunogoldlabeling studies. The 
population genetics study aimed to investigate the evolutionary pressures acting on BECs as 
effector genes that are under strong selection are likely to have an important role in the success of 
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the infection. I commenced the genotyping of a collection of transgenic wheat lines and provided 
preliminary pathogenicity test results.  
8.1 The asexual phase of B. graminis, expression and biological activities of BECs  
 
BEC1005, BEC1011, BEC1016, BEC1018, BEC1019, BEC1038, BEC1040, BEC1054 
and BEC1061 were chosen for a time course expression profiling study. The time course was 
represented by un-germinated conidia [0 hours post inoculation (hpi)] and infected barley leaves 
12, 24, 48, 72 and 120 hpi. The asexual (haploid) cycle begins with the deposition of the airborne 
conidia on the leaves (0 hpi).  The conidia germinate and a primary germ tube is formed 30 
minutes after inoculation. BEC1016 and BEC1018 expression was characterized by a dramatic 
early increase and a sustained upregulation throughout the time course.  Maximal expression 
during these early time points may indicate a role in primary germ tube formation, that is before 
actual cell penetration (Hoefle and Huckelhoven, 2008).  After 8-12 hours the secondary germ 
tube matures to form the appressorium (Wright et al., 2000, Kinane et al., 2000).   
From the appressorium a penetration peg then develops that penetrates the cell. BEC1005 
expression showed an increase only after 12 hpi, suggesting a role in later development of the 
infection and/or haustoria. Sequence similarity was found between BEC1005 and 
β1,3endoglycosidases of the Carbohydrate Active Enzymes (CAZy) database (Cantarel et al., 
2009) glycol_hydrolase 17 superfamily (Pliego et al., 2013).  BEC1005 differs from the two 
previously identified β1,3endoglycosidases important in the pathogenicity of B. graminis 
(Nowara et al., 2010). The extracellular space is targeted by effectors to interfere with apoplastic 
plant defence proteins (Kamoun, 2007). These effectors include inhibitors of plant hydrolases, 
such as glucanases, serine and cysteine proteases (Rose and Di Cera, 2002, Tian et al., 2004, 
Damasceno et al., 2008). BEC1005 may play a role in inhibiting plant hydrolases, suppressing 
PAMP-triggered immunity or remodelling of the plant cell wall to accommodate haustoria 
development.    
 At around 24 hours the haustorium is formed. The haustorium is both a feeding structure 
for photoassimilate and nutrient uptake and site of targeted delivery of effectors. It is surrounded 
by a membrane called the extrahaustorial membrane (Green et al., 2002), a fungal-induced plant 
plasma membrane separated from the haustorial wall by the extrahaustorial matrix. The 
extrahaustorial membrane and the extrahaustorial matrix form the interface for transfer of 
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nutrients and effectors (Mendgen and Hahn, 2002). The electron micrographs obtained in this 
study revealed the ultrastructure of the haustorium inside the barley epidermal cell. These 
ultrastructural micrographs may give future insight into the cellular processes that surround 
effector delivery and uptake if coupled with immunogoldlabeling of BECs.  
Multivesicular bodies close to endoplasmic reticulum were observed inside the host 
cytoplasm in the micrographs presented in this thesis. Micrograph images of the ultrastructure of 
Golovinomyces orontii haustoria infecting A. thaliana epidermal cells also revealed 
multivesicular bodies (Micali et al., 2011). The Micali et al. (2011) study speculates that 
multivesicular bodies represent an intermediate stage in the delivery of fungal virulence factors to 
the host cell (Micali et al., 2011). The model of effector delivery by multivesicular bodies 
involves fungal exosomes that would pass across the fungal cell wall to enter the extrahaustorial 
matrix and then either rupture to release their contents into the extrahaustorial matrix or fuse 
directly with the extrahaustorial membrane to deliver directly into the host cytoplasm (Micali et 
al., 2011). Future immunogoldlabeling studies of BECs should aim to investigate whether 
labeling is found near or inside the multivesicular bodies. 
The haustorium is fully developed after 24 hours. The most common, observed trend in 
the expression profiling study was with BEC1011, BEC1019, BEC1038 and BEC1054 that 
showed a significant maximum at 24 hpi. Expression profiles of CSEP transcripts revealed that 
the major accumulation of transcripts is during or after host cell entry, coinciding with the time 
points between 12 and 24hpi (Hacquard et al., 2013). These findings corroborate my results for 
BEC1011 and BEC1054 (CSEP0066 and CSEP0064 respectively in the Pedersen et al. (2012) 
study). These results indicate a key role of CSEP effector genes including BEC1011 and 
BEC1054 during early pathogenesis (Hacquard et al., 2013). The role of CSEPs may be in the 
completion of the development of the haustoria and establishing a compatible interaction, or 
secretion into the host cytoplasm from the haustoria for modulation and suppression of plant 
immune responses.  
Studies of effectors function have revealed novel mechanisms of innate immunity. P. 
syringae HopM1 and HopU1 effectors target AtMin7, a protein involved in vesicle trafficking, 
and AtGRP7, a glycine-rich RNA-binding (GR-RBP) protein (Nomura, 2006, Fu et al., 2007). 
The region corresponding to Cys27 to Gly108 of BEC1054 was modelled with 42.9% confidence 
onto a fungal ribonuclease structure. The nucleotide sequence of BEC1011 is 75% identical to 
134 
 
that of BEC1054 (Pliego et al., 2013), indicating BEC1054 and BEC1011 are probably paralogs. 
BEC1011 interferes with host cell death in assays that used the reduction of red anthocyanin 
pigments as indicators of host programmed cell death (Pliego et al., 2013).  
BEC1054 and BEC1011 have been proposed to be involved in inhibiting ribosome-
inactivating proteins (RIPs). Methyl-jasmonate induced JIP60 (jasmonate induced protein 60) is a 
RIP in barley that cleaves polysomes into their ribosomal subunits (Reinbothe et al., 1994). JIP60 
seems to be involved in defence and regulation of protein synthesis in stressed plant tissues by 
attacking foreign and self-ribosomes. The JIP60 protein is structurally similar to ribotoxins. 
Ribotoxins may have evolved from an ancestral RNase similar to RNase T1. BEC1054, 
BEC1011 and all the other CSEPs in the ribonuclease-like superfamily may have derived from 
the same ancestral gene. The paralogs BEC1011 of BEC1054 may have then evolved through 
diversifying selection to continue inhibiting RIPs and the arms race between the host and 
pathogen.  
In a recent Opinion article, Nielsen and Thordal-Christensen (2013) speculated that plants 
might express small RNAs (miRNAs and/or siRNAs) that are transported by exosomes that can 
be endocytosed at the fungal plasma membrane to target fungal genes (Nielsen and Thordal-
Christensen, 2013). A role of BEC1054 may be to target and degrade these small RNAs. The 
work presented in this thesis provides evidence that BEC1054 interacts with SRL RNA and upon 
binding there is a destabilising effect on BEC1054.  
The differential scanning fluorimetry method (Niesen et al., 2007) was used to test 
BEC1054 binding with RNA and the transition midpoint temperature was found to be lowered 
when RNA was added to BEC1054. Another lab member is currently investigating whether this 
binding is sequence-specific. Since RNA binds BEC1054 in its unfolded state causing a 
destabilising effect, this interaction is occurring when BEC1054 is denatured and these results 
may indicate an interaction that is not occurring when BEC1054 is in its native and biologically 
relevant state.  
BEC1019 was found to be conserved in a large collection of ascomycetes (Pliego et al., 2013) 
and the most significant BLAST hits were to sequences in Sclerotinia sclerotiorum and Botrytis 
cinerea to members of the clan peptidase MA, a clan that contains a variety of zinc 
metallopeptidases, that is closely related with the M35 peptidase family (Pliego et al., 2013). 
Xanthomonas XopG effectors have a zinc protease motif similar to the active site of clostridial 
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neurotoxins (Lalli et al., 2003, Turton et al., 2002). Avr-Pita effector of Magnaporthe grisea 
interacts directly with its cognate R protein Pi-ta and encodes a protein with sequence similarity 
to fungal zinc metalloproteases (Orbach et al., 2000). The role of BEC1019 may be involved in 
suppressing effector-triggered immunity by targeting and degrading proteins involved in the 
recognition of the pathogen and triggering of defence responses. 
In compatible interactions, the haustorium develops finger-like lobes and secondary 
hyphae grow over the surface of the epidermal cell from around 48 hours onwards. After 3 days 
epiphytic hyphae increase colonial spread by further penetration of epidermal cells (Both and 
Spanu, 2004). After 4-5 days the fungal colony is visible macroscopically on the leaves. 
Transcript profiles of BEC1040 and BEC1061 showed a moderate increase relative to 
ungerminated spores at all stages of fungal development and peak expression at later stages of the 
infection, 120hpi (5 days) and 72hpi (3 days) respectively. At this stage in the life cycle 
conidiophores develop eventually differentiating into individual conidia, breaking off and 
releasing into the air to begin the asexual cycle once again. BEC1061 may play a role in the 
elongation of epiphytic hyphae and BEC1040 may be involved in conidiophore development and 
successful completion of the asexual life cycle.  
All of these stages in the asexual phase are key events in the establishment and 
maintenance of compatibility between the host and the pathogen. BECs are expressed in different 
stages of the infection and may play a role in promoting a compatible and susceptible interaction 
throughout the different stages of the infection. Studies of filamentous pathogens including the 
hemibiotrophic fungus Colletotrichum higginsianum (O'Connell et al., 2012, Kleemann et al., 
2012), rust fungi (Duplessis et al., 2011b, Hacquard et al., 2012) and oomycetes (Schornack et 
al., 2009) revealed that effector genes are expressed by plant pathogens in consecutive waves 
throughout the infection development for successful invasion (Hacquard et al., 2013).  
8.2 Selective pressures on BECs 
 
Population genetics investigates the processes that lead to genetic change, or evolution, in 
populations over time and space (McDonald, 2004). Powerful methods have been developed for 
detecting genes under positive selection (Meyers et al., 2003; Nielsen, 2005; Nielsen et al., 
2005a; Tenaillon and Tiffin, 2008). Genes that have signatures of positive selection may 
potentially represent the classes of proteins with important functions in the host-pathogen 
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interaction (Aguileta et al., 2009). Effector genes may be involved in evading host defences or 
generating novel mechanisms of infection (Piertney and Oliver, 2006; Tiffin and Moeller, 2006). 
The number of nonsynonymous substitutions (dN) over the number of synonymous substitutions 
(dS) is a measurement that provides a direct way of quantifying positive diversifying selection 
acting on codons (Aguileta et al., 2009).  
Counting methods take the average of dN and dS over all sites in sequence alignments and 
take into account the time period separating the sequences (Aguileta et al., 2009). The SLAC, 
REL and FEL methods were used to quantify positive diversifying selective pressures acting on 
BECs. The 13 genes tested in this study included the 6 virulence effectors resulting from the 
silencing study (BEC1005, BEC1011, BEC1016, BEC1019, BEC1038 and BEC1054) and 7 
genes which did not give a statistically significant result from the silencing study. Polymorphisms 
were observed in BECs; however the variation was not statistically significant in any of the 
genes. It is likely that the results presented in this study are due to the sample size tested being 
too small and that the number of polymorphisms identified for each gene too low to give a 
statistically significant result. 
The recent genome sequencing of the DH14 isolate revealed, among other convergent 
evolutionary features shared with two related powdery mildews species, oomycetes and rust 
fungi, a massive expansion of transposable elements (Spanu et al., 2010, Baxter et al., 2010, 
Duplessis et al., 2011a, Kemen et al., 2011). B. graminis genes encoding CSEPs are often 
embedded in or near transposable elements. Effectors typically show signs of diversifying 
selection (Martin and Kamoun, 2011) and this position of CSEPs in the genome may contribute 
to their rapid diversification (Pedersen et al., 2012, Ridout et al., 2006, Sacristán et al., 2009).  
Both purifying and positive diversifying selective pressures were found to be acting on 
CSEPs (Pedersen et al., 2012).  In the Pedersen et al. (2012) study selection was investigated 
between paralogs over a period of time from the origin of the paralogs to the present. Given that 
there are similar paralogs in Blumeria graminis f.sp. tritici, the duplication event of CSEPs 
probably happened before the divergence of the formae speciales tritici and hordei (e.g. more 
than 6.3 million years ago) (Wicker et al., 2013). CSEPs were divided into two major types of 
families. One family with shorter proteins (100-150 amino acids), a high relative expression level 
in the haustoria and signatures of extensive diversifying selection between paralogs (Pedersen et 
al., 2012). The second family consists of members with longer proteins (300-400 amino acids), 
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lower levels of differential expression and purifying selection between paralogs (Pedersen et al., 
2012). BEC1011 and BEC1054 (also named CSEP0066 and CSEP0064) are in CSEP family 21 
and strong diversifying selection was found between paralogs in family 21 (Pedersen et al., 
2012). 
An analysis of the nonsynonymous substitution rate was used to identify genes showing 
elevated evolutionary pressure among three B. graminis isolates (Hacquard et al., 2013). Reliable 
statistical analyses could not have been achieved in the Hacquard et al. (2013) study by 
calculating the dN/dS ratio due to the low number of genomes analysed (n=3) and the low 
frequency of single nucleotide polymorphisms in the coding sequences therefore the study 
focused on the nonsynonymous substitution rate (Hacquard et al., 2013). Most of the genes (more 
than 70%) investigated in the Hacquard et al., (2013) study did not have any synonymous 
substitutions. Gene expression differences were combined with the nonsynonymous substitution 
rate and it was found that CSEP-encoding genes exhibit faster evolution than other genes 
(Hacquard et al., 2013). In addition, it was found that CSEPs that are specifically induced during 
haustorial formation accumulate higher nonsynonymous substitution rates compared with other 
CSEPs (Hacquard et al., 2013).  
The time scale in the Hacquard et al., (2013) is thousands of years and therefore is not 
comparable to this population study presented in this thesis. However, although this thesis did not 
find evidence of positive diversifying selection in BECs, the Pedersen et al. (2012) found 
diversifying selection between BEC1011 and BEC1054 paralogs (CSEP0066 and CSEP0064) 
and the Hacquard et al. (2013) study found that CSEP-encoding genes that are specifically 
induced during haustorial formation, which this thesis found BEC1011 and BEC1054 are, exhibit 
faster evolution rates than other genes. 
8.3 Transgenic wheat pathogenicity assays 
 
Progress into finding the biological activities of fungal effectors has been made through 
alternative expression systems including heterologous expression in plants or in transformable 
hemibiotrophic fungi (Khang et al., 2010, Rafiqi et al., 2010, Kloppholz et al., 2011). The 
National Institute of Agricultural Botany used BEC1011- and BEC1054-wobble constructs to 
transform wheat (var. Fielder). I commenced the genotyping of the transgenic wheat and carried 
out pathogenicity assays with lines displaying homozygosity for the BEC-wobble constructs. An 
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observable effect of pathogenicity on transgenic wheat at the macroscopic level was found. There 
were more visible B. graminis f.sp. tritici colonies sporulating on the homozygous BEC-wobble 
leaf segments compared with the homozygous null leaf segments. These results are preliminary 
and future work will have to thoroughly expand on my work.  
Partially immunocompromised transgenic Arabidopsis plants expressing the barley 
MLA1 immune receptor were used in the Hacquard et al. (2013) study to investigate 
pathogenesis of two B. graminis isolates by RNA sequencing experiments during compatible and 
MLA1-mediated incompatible interactions (Hacquard et al., 2013). The Hacquard et al. (2013) 
study revealed that in incompatible interactions haustorially expressed CSEPs are nearly all 
down-regulated, leading to the conclusion that the B. graminis transcriptional program is 
conserved during pathogenesis on both dicotyledonous Arabidopsis and monocotyledonous 
barley (Hacquard et al., 2013).  
These results from the Hacquard et al. (2013) study coupled with the findings in the 
Wicker et al. (2013) study that there are genes similar to the CSEP paralogs in B. graminis f.sp. 
tritici lead to the hypothesis that this transcriptional program would be conserved during 
pathogenesis on wheat as well and the expression of BEC1011 and BEC1054 as transgenes in 
wheat would lead to a more susceptible interaction. Since BEC1011 and BEC1054 (CSEP0066 
and CSEP0064) are haustorially expressed, higher susceptibility in transgenic wheat may be 
observed at the stage of haustorial development in the number of functional haustoria in 
transgenic wheat compared to nontransgenic wheat.    
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Chapter 9: Overall conclusions 
The following conclusions were made in this thesis: 
9.1 Diversifying selection acting on BECs  
 
The population genetics study I carried out revealed polymorphisms in the BEC genes. 
Significant positive diversifying selection was not found to be acting on these genes. This was 
probably due to the size of the sample being too small to be able to detect a statistically 
significant level of selection and future work will include a larger sample size.  
9.2 Transcript profiles of BECs during infection 
 
 This study found that all the transcript profiles of the BECs tested show upregulation 
relative to the B. graminis β-tubulin during the development of the infection. Four of the eight 
BECs resulting from the HIGS study (Pliego et al., 2013) have a significant maximal peak of 
expression at 24hpi, corresponding to the differentiation of the haustoria. The other BECs show 
maximal expression at earlier time points, such as 12hpi, and others at later stages of the 
infection, such as 72hpi and 120hpi. Expression profiles of CSEPs revealed a massive 
accumulation during and after host cell entry (between 12 and 24hpi) corroborating with the 
results I found in my study for BEC1011 and BEC1054 (CSEP0066 and CSEP0064) (Hacquard 
et al., 2013).  
My expression profiling results reveal that some BECs are important during early stages 
of the infection and the establishment of compatibility by disrupting the innate immunity of the 
host, potentially engaging in iterated cycles of pathogen effector and innate immune receptor 
adaptations that mark the arms race, and other BECs may have an important role in later stages of 
the infection including biotrophy maintenance.  
9.3 BEC1054 binding to RNA  
 
I used the differential scanning fluorimetry method (Niesen et al., 2007) to investigate the 
possibility that BEC1054 binds RNA. The transition midpoint of BEC1054 unfolding was 
calculated and the temperature at this midpoint was compared to the midpoint temperature of the 
protein when RNA was present. There was difference in midpoint temperature found when 
BEC1054 was assayed with total RNA and rat SRL RNA. The midpoint temperature was 
lowered when RNA was added to BEC1054.  
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A difference in midpoint temperature is related to the binding affinity of ligand and 
therefore can be used to show that binding is occurring between BEC1054 and RNA. A lowering 
of melting point temperature when BEC1054 binds RNA indicates that RNA has a destabilizing 
effect on BEC1054. Ligands destabilize proteins by binding primarily to them in their unfolded 
state. This may suggest that RNA binding to BEC1054 occurs when BEC1054 is in an unfolded 
and biologically irrelevant state.  
9.4 Transgenic wheat pathogenicity assays 
 
The National Institute of Agricultural Botany used BEC1011- and BEC1054-wobble 
constructs to transform Fielder variety wheat. I commenced the genotyping of the transgenic 
wheat lines and carried out pathogenicity assays with lines displaying homozygosity for the 
BEC-wobble transgene. B. graminis f.sp. tritici-infected leaf segments from lines with 
homozygous BEC1011 and BEC1054-wobble transgenes showed more sporulating colonies 
compared with the homozygous null lines. The results presented in this study are preliminary and 
require future work.  
9.5 Ultrastructure of B. graminis using TEM 
 
I successfully obtained ultrastructural images of B. graminis-infected barley leaves and 
optimized a method for handling infected plant material that can be used in future TEM studies 
aiming to provide indirect evidence of BEC delivery into the plant cytoplasm during infection by 
visualising intracellular recognition using immunogoldlabeling. The immunogoldlabeling work 
was not carried out in this thesis due to extenuating circumstances.  
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Appendix 
The following tables presented are the Tukey and Games-Howell output tables from SPSS 
statistical software package. 
BEC1005 
 
173 
 
BEC1011 
 
 
174 
 
BEC1016 
 
 
175 
 
BEC1018 
 
176 
 
BEC1019 
 
177 
 
BEC1038 
 
178 
 
BEC1040 
 
179 
 
BEC1054 
 
180 
 
BEC1061 
 
181 
 
Sample 
Copy 
number 
Fold 
difference 
in 
expression 
relative to 
tubulin 
Sample 
Copy 
number 
Fold 
difference 
in 
expression 
relative to 
tubulin 
PS2.1 3 0.42 PS4.1 2 0.18 
PS2.2 2 1.90 PS4.2 >4 1.33 
PS2.3 4 4.40 PS4.3 >4 0.29 
PS2.4 1 0.84 PS4.4 1 0.41 
PS2.5 >4 21.48 PS4.5 >4 0.72 
PS2.6 >4 0.99 PS4.6 >4 1.62 
PS2.7 4 1.63 PS4.7 4 0.58 
PS2.8 >4 0.26 PS4.8 >4 1.10 
PS2.9 >4 1.69 PS4.9 >4 
 
PS2.10 >4 2.06 PS4.10 2 0.19 
PS2.11 >4 
 
PS4.11 >4 2.42 
PS2.12 1 
 
PS4.12 >4 0.53 
PS2.13 1 
 
PS4.13 >4 1.54 
PS2.14 1 0.32 PS4.14 >4 1.33 
PS2.15 >4 0.49 PS4.15 1 0.13 
PS2.16 >4 0.09 PS4.16 4 0.20 
PS2.17 >4 0.21 PS4.17 1 0.39 
PS2.18 >4 9.92 PS4.18 3 0.23 
PS2.19 1 0.62 PS4.19 1 0.21 
PS2.20 >4 2.22 PS4.20 >4 10.65 
PS2.21 3 0.74 PS4.21 >4 0.42 
PS2.22 >4 0.85 PS4.22 2 0.37 
PS2.23 1 0.00 PS4.23 2 0.66 
PS2.24 >4 2.40 PS4.24 >4 0.68 
PS2.con 
1 
0 0.00 
PS4.con 
1 
0 0.73 
PS2.con 
2 
0 0.03 
PS4.con 
2 
0 0.38 
PS2.con 
3 
0 0.04 
PS4.con 
3 
0 0.02 
 
Appendix Table 1. RNA abundance of BEC-wobble transgenes in transgenic wheat lines PS2.1 to PS2.24 and PS4.1 to 
PS4.24. The wheat variety Fielder was transformed by the National institute of Agricultural Botany (NIAB) in Cambridge. The 
quantitative real-time PCR (qRT-PCR) method was used to determine the expression levels of BEC1011-wobble and BEC1054-
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wobble in the lines relative to wheat tubulin. The control lines included in this experiment were PS2.con.1, PS2.con2, PS2.con3, 
PS4.con1, PS4.con2 and PS4.con3. The copy number of each line is also shown. 
 
 
Appendix Figure 1. Graph showing the average Ct value for each time point for the reference genes NADH oxidoreductase, 
histone H3 and tubulin.  
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